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ABSTRACT 

An overall view is presented of the research program in effect at the 

1,angley Research Center, NASA, to provide means to measure the pressures in 

simulated space enviroiments from torr Lo less than 10-l3 torr. Space 

simulators designed for instrument development are described, and details of 

the operating techniques of these systems are presented. Gage calibration sys- 

tems and methods are briefly discussed. Recent developments in both total and 

partial pressure gages, including time response characteristics, ion source 

improvements, lower X-ray limits, and improved residual gas analyzers, are 

presented. 
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OF PRESSURE I N  SlWLATm f PAGE EiGJ lRON3ENTS 

By 

Pau l  R.  Yeager 

INTRODUCTION 

For  t h e  past. s e v e r a l  y e a r s  t h e r e  h a s  been a s t r o n g  e f f o r t  by t h e  

t{r?vironmentaS Measurements S e c t i o n  of t h e  Langley Research Center  t o  p rov ide  

ins t r r imenta t lon  Lo acctrt a&el y measure t h e  p r e s s u r e  and gas  composit ion of tlre 

I.RC space  s i m u l a t i o n  f a c i l i t i e s .  These p r e s s u r e s  range  from t o  less than 

1 0 ~ ~ ~ 3  t o r r  i n  b o t h  a tmospher ic  g a s e s ,  r e s i d u a l  sorbed g a s e s ,  and o u t g a s s i n g  

p roduc t s  of many and e x o t i c  m a t e r i a l s ,  

I n  o r d e r  t o  p r o v i d e  t h e s e  measurement c a p a b i l i t i e s ,  e f f o r t s  have been 

mwde b o t h  in-house and on c o n t r a c t  t o  u n i v e r s i t i e s ,  i n d u s t r y ,  and o t h e r  govern- 

ment a g e n c i e s  t o  p r o v i d e  t o t a l  p r e s s u r e  measurements, p a r t i a l  p r e s s u r e  rneas- 

urements,  r e s i d u a l  gas  a n a l y s i s  (RGA), c a l i b r a t i o n  c a p a b i l i t y ,  and develop- 

mental sys tems.  T h i s  paper reviews t h e  r e c e n t  and c u r r e n t  ptog~:ams and r e p o r t s  

t h e  r e s u l t s  t h a t  a r e  c u r r e n t l y  a v a i l a b l e  on t h e  r e s e a r c h  e f f o r t s  i n  space  

s i m u l a t i o n  r~zeasurernent . 

MUSUREMENT TECHNIQUES 

The work on measurement t echn iques  i s  d i v i d e d  i n t o  t w o  b a s i c  a r e a s :  

( 1 )  t o t a l  p r e s su re  nleasurorne~lt, dncl ( 2 )  p a r t i a l  p r e s s u r e  rneai;brernent, T'he 

e f f ~ f t ;  011 "Lota.1 yrczss7ure measu . ren l f? r~k  are dir.si.tctl tarrp;i;ird ; ircrir, i.;.hc~rc~ the trn 

known components of the gas being meastared are  orriiik 1, sc) t h a t  gas coilrprs:+s r v * ~  

e r a o k s  rrMy be neglec ted ,  t h e  ;e r r j . i a i r~ t i l csa t . .  f c ; r  liaCiPT;Ur :'iit~nr rvrcji*y ;Y  c . a ~ '  



h i g h ,  s o  t h a t  t h e  t i m e  and expense of a r e s i d u a l  gas  a n a l y s i s  i s  not j u s t i f i e d ;  

and s p e c i a l  a p p l i c a t i o n s  where f o r  one r e a s o n  o r  a n o t h e r ,  a t o t a l  p r e s s u r e  

nieasurement i s  r e q u i r e d .  P a r t i a l  p r e s s u r e  measurelllents a r e  made whenever pos- 

s i b l e  as t h e  p r e f e r r e d  means of making  he most a c c u r a t e  measuie~uerlts ,  and a r e  

u s u a l l y  made w i t h  a mass spec t romete r .  

(1) T o t a l  P r e s s u r e  Measurements: 

The work on t o t a l  p r e s s u r e  gages h a s  been d i v i d e d  i n t o  t h r e e  a r e a s ;  (1) 

k l m e  r e s p o n s e ,  (2 )  r e d u c t i o n  of X-ray ( r e s i d u a l  c u r r e n t )  l i m i t ,  and ( 3 )  in -  

c r e a s e d  s e n s i t i v i t y  of gages ,  

Time response  work h a s  been done t o  e s t a b l i s h  gage c h a r a c t e r i s t i c s  f o r  

rneasurements i n  pu l sed  plasma systems and i n  o t h e r  a r e a s  where t h e  p r e s s u r e  

changes r a p i d l y  w i t h  t i m e .  An example of t h i s  i s  measurements of r a d i o  f r e -  

quency i n t e r f e r e n c e  caused by a r o c k e t  exhaust  plume. S ince  t h e  i n t e r f e r e n c e  

i s  a f u n c t i o n  of plume shape  and s i z e ,  and t h e  plume changes w i t h  p r e s s u r e  

r i s e ,  i t  i s  n e c e s s a r y  t h a t  t h e  p r e s s u r e  gage respond r a p i d l y  because  t h e  vacuum 

chamber pumping system cannot  evacua te  t h e  chamber as f a s t  a s  t h e  r o c k e t  

exhaus t  g a s e s  a r e  g e n e r a t e d .  

The work done i n  response t ime measurement has  p r i m a r i l y  been done w i t h  

nude Penning gages s i n c e  t h e i r  p r e s s u r e  range  and rugged s t r u c t u r e  make them 

very a d a p t a b l e  t o  t h i s  t y p e  of exper iment .  Th i s  work i s  r e p o r t e d  i n  d e t a i l  by 

Smith and MeLfi ( r e f ,  1) and is  b r i e f l y  d e s c r i b e d  below. The exper iments  w e r e  

performed over  t h e  range  of t o  t o r r  w i t h  a gage of t h e  t y p e  shown i n  

f i g u r e  1. C o n s t r u c t i o n  of t h e  gage i s  shown below, 

E l e c t r o d e  M a t e r i a l  

h o d e  'Molybdenum 

Cathode Copper  
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C y l i n d r i c a l  Anode 

s 

Length 0 , 6 4  cm 

Diameter 2.54 cm 

Thickness  0.152 cm 

C i r c u l a r  Cathode 

Diameter 3 .81  cm 

Spacing 1 . 2 7  cm 

Thickness  0.076 cm 

8 x  loe2 T e s l a  

1750 V o l t s  

The dimensions and o p e r a t i n g  c h a r a c t e r i s t i c s  g iven  were found t o  be t h e  

most s u i t a b l e  from among a  wide v a r i e t y  t e s t e d .  The exper imenta l  gage i s  shown 

mounted i n  a  vacuum system ( f i g .  2 )  and a  diagram of t h i s  sys tem i s  shown i n  

f i g u r e  3 .  In a t y p i c a l  o p e r a t i o n ,  t h e  sys tem was pumped down t o  i t s  u l t i rna te  

p r e s s u r e ,  t h e  low t o r r  r ange ,  and t h e  test gas  was b l e d  back i n t o  t h e  sys- 

tem t o  e s t a b l i s h  t h e  s t a r t i n g  p r e s s u r e .  A microvalve  was then  pu l sed  t o  g i v e  

a  s h a r p  p r e s s u r e  rise i n  t h e  system. The ou tpu t  of t h e  gage was recorded on 

an o s c i l l o s c o p e  w i t h  a  t y p i c a l  r e c o r d  being shown i n  f i g u r e  4 ,  Since  t h e r e  i s  

a  small b u t  f i n i t e  d e l a y  t i m e  i n  t h e  v a l v e  o p e r a t i o n  and t h e  p r e s s u r e  p u l s e  

r e a c h i n g  t h e  gage,  t h e  gage must b e  a t  l e a s t  a s  f a s t  i n  respouse  a s  t h e  recozd 

shows. The o v e r a l l  t ime  response  of t h e  gage i s  shown i n  f i g u r e  5 ,  From t h e  

exper iments  t h e  fo l lowing  concPusions were drawn: 

1, From t h e  d e s i g n  d a t a ,  i t  i s  concluded t h a t :  

(a) The c o n s t r u c t i o n  of a  cold-cathode gage which can L e  e t f e u r i v e l y  

o p e r a t e d  above 10-' t o r r  i s  d o u b t f u l ,  



( b j  Data from cold-cathode gages a r e  r e p e a t a b l e  when ehe gages a r e  

p r o p e r l y  c o n s t r u c t e d ,  

(c) S u b j e c t i n g  t h e  gage t o  o v e r p r e s s u r e  f o r  a  s h o r t  d u r a t i o n  causes  no 

s i g n i f i c a n t  change i n  t h e  gage c h a r a c t e r i s t i c s .  

(d)  The u s e  of a  p e r f o r a t e d  shroud around t h e  gage improves i ts  s t a b i l i t y  

a t  h i g h e r  p r e s s u r e s .  

2 .  Prom t h e  o p e r a t i o n a l  d a t a ,  u s e  of t h i s  t y p e  of gage a s  a  means t o  measure 

very r a p i d  p r e s s u r e  changes l e a d s  t o  t h e  fo l lowing  conc lus ions :  

( a )  Loca t ion  of t h e  gage and conductance of t h e  system is  an  impor tan t  

f a c t o r  i n  t h e  c a l c u l a t i o n  of p r e s s u r e  a s  a  f u n c t i o n  of t i m e .  

(b)  Gages t o  b e  used f o r  response-t ime measurements should  have a  maximum 

conductance and should b e  p laced  d i r e c t l y  i n  t h e  r e g i o n  f o r  which t h e  measure- 

ments a r e  d e s i r e d .  

( G )  S ince  t h e  t o t a l  test system, i n c l u d i n g  t h e  p r o c e s s  f o r  r a i s i n g  t h e  

p r e s s u r e ,  is  capab le  of i n d i c a t i n g  a  p r e s s u r e  change from t o r r  t o  

t o r r  i n  less than 100 microseconds,  t h e  gage must respond i n  l e s s  than  100 

u~ ic roseconds  . 
(d) At lower p r e s s u r e s  t h e  response t ime  of t h e  e l e c t r o n i c s  ( readout  sys- 

cem) i s  l i k e l y  t o  b e  t h e  l i m i t i n g  f a c t o r .  

The work on t h e  r e d u c t i o n  of X-rays has  been c e n t e r e d  around development 

of t h e  b u r i e d  c o l l e c t o r  (Melf i )  gage and improvement of t h e  o r b i t r o n  gage.  

Our work on t h e  b u r i e d  c o l l e c t o r  gage was f i r s t  r e p o r t e d  by M e l f i  and Clay 

( r e f ,  2 )  and l a t e r  by M e i f i  ( r e f .  3 ) .  This  p a r t i c u l a r  gage evolved through 

several  d e s i g n s  t o  t h e  conf i g u r a k i o n  shot.?n. in f i g u r e  6 and schebxatl caLLy in 

f i g u r e  9 ,  The e lements  of the gage c o n s i s t  of a t h o r i a t e d  i r i d i u n i  f i l a m e n t :  a 

closed-end grid, a s h i e l d  p l a ~ e ,  a foeus ing  cup,  and an i-011 ~ v l l t ~ c t o ~ ,  A 

4 



b u r i e d  i o n  collector, 0,127 m in diameter, is p l a c e d  so t h a t  t he  exposed end 

is flush with the shield plate to give maximrvm sensitivity, The s h i e l d  p l a t e ,  

which is held at filament potential, serves the dual purpose of drawing the 

ions into the collector region and shielding the ion collector from X-rays, 

This gives a further reduction in X-ray limit beyond that obtained by removing 

that portion of the collector within the grid cage. The focusing cup is held 

at grid potential so that ions are repelled to the collector, thus enhancing 

the sensitivity. With a collector to filament potential difference of -300 

volts, a nominal gage constant of 25 torrs' is attained, This gives a 0.1 amp/ 

torr sensitivity for emission currents (4 mA) in the low milliampere range 

where space charge problems are minimized. The X-ray background pressure fox 

this gage was calculated to be 8 x 10-l3 torr. Measured background currents 

are below the equivalent N2 pressure of 2 x 10-l2 torr. 

The experimental work on the gage was carried out on two separate vacuum 

systems in order to first, determine gage sensitivity, stability and optimum 

operating parameters and second, find the low range operating characteristics 

of the gage, The first system, a gage calibration system, described in d e t a j P  

later, utilizes 500-liter/second ion pumps in conjunction with titanium subli- 

mation and liquid nitrogen cryopanels to produce an ultimate chamber pressure 

of less than 4 x lo-'' torr. This system generates known pressures in t h e  

calibration chamber by utilizing a constant pressure gas flo~meter for gene- 

rating and measuring a gas flow rate Q into the calibration chamber while 

pumping the gas from the chamber through a known conductance orifice at a known 

speed S ,  The pressure in the calibration chamber is then caleubared by tire 

relation: P = Q/S,  The assumption is made that this gas f l o w  Late (2  1s I I ~ ~ I  

l a rger  than  t h a t  sf a l l  o ther  gas sources and t h a t  t he  speeci S d t  t h e  i j r  -if r i i -  

5 



js much smller than t h e  pump speed,  The c a l i b r a t i o n  range of t h i s  syswm 

extends from b ah t o  5 x loed" t o r s ,  w i t h  a  ca l cu l a t ed  maximum measurement 

t ~ n c e r t a i n t y  i n  t h e  de te rmina t ion  of t h e  p re s su re  of t5 .5  pe rcen t .  The second 

system ( r e f .  4)  u t i l i z e s  a  turbomolecular pump t o  rough t h e  gage chamber and a  

t i t an ium pump down t o  t h e  high lo-' t o r r  range. The system is then  baked a t  

400" C f o r  24 hours .  Hydrogen and helium a r e  expected t o  be  t h e  r e s i d u a l  gases  

i n  t h i s  range and can be  e f f e c t i v e l y  handled by t h e  subl imat ion pump. Af t e r  

the  bake, t h e  turbopump i s  sea led  o f f  and t h e  u l t i m a t e  p re s su re  i n  t h e  10-12 

;err range i s  a t t a i n e d  by LN2 subl imat ion pumping. A nude Helmer gage ( r e f .  5 )  

i s  incorpora ted  i n t o  t h i s  system t o  measure i t s  u l t i m a t e  p re s su re .  This  gage, 

a s  r epo r t ed ,  uses  approximately 6 mA emission cu r r en t  t o  g ive  a  0 .1  ampere/ torr  

s e n s i t i v i t y .  The ions  a r e  e l e c t r o s t a t i c a l l y  focused 90' t o  t h e i r  en t rance  i n  

t h e  c o l l e c t o r  reg ion ,  thereby reducing t h e  X-ray background problem s i n c e  only 

~ e f l e c t e d  X-rays can reach t h e  c o l l e c t o r .  A suppressor  g r i d  i s  then used t o  

suppress  t h e  photoe lec t rons  back t o  t h e  c o l l e c t o r  g iv ing  a  f u r t h e r  reduc t ion  i n  

t h i s  background, This  gage has  a  repor ted  X-ray background of -1.5 x  10- 15 

amperes, and can be  e f f e c t i v e l y  used t o  measure p re s su re  i n  t h e  LO-'' t o r r  

range.  

For t h e  f i r s t  experiments,  t h e  bur ied  c o l l e c t o r  gage was placed on t h e  

c a l i b r a t i o n  system and a  known p re s su re  was set wi th  N2 gas a t  2  x t o r r .  

The g r i d  t o  f i l ament  vo l t age  was s e t  a t  150 V.  (No i n v e s t i g a t i o n  of t he  elec- 

t ron  t r a j e c t o r y  was made because of t h e  s i m i l a r i t y  between t h i s  gage and a 

s tandard commercial UHV gage , )  Figure 8 shows a  p l o t  of gage cons tan t  versus  

emission c u r r e n t  i n  t h e  7 t o  O.Q2  mA emission range f o r  c o l l e c t o r  vo l t ages  of 

400,  300, and 200 V. I n  t h e  400 V c a s e  some i n t e r a c t i o n  wi th  t h e  electric! 

f i e l d  about t h e  g r id  s t r u c t u r e  was noted and excess filament power was required 



t o  o b t a i n  t h e  h igher  emission c u r r e n t s ,  For  200 V case ,  t h e  Loss of s ens i t i -  

v i t y  i n  t h e  nrA emission range was s i g n i k i c a n t .  It was,  t h e r e f o r e ,  decided t o  

choose t h e  300 V c a s e  and ope ra t e  a t  an  emission cu r r en t  (4 m i l )  which wou ld  

give approximaeeiy a  0 .1  ampere/ torr  s e n s i t i v i t y .  A l l  f u r t h e r  d a t a  on t h i s  

gage was then taken wi th  t h e  fol lowing opera t ing  parameters:  

Vgf = 150 V 

Vcf = 300 V 

i- = 4 mA 

The cup is  connected i n t e r n a l l y  t o  g r i d  p o t e n t i a l  whi le  t h e  s h i e l d  may be con- 

nected t o  f i l ament  p o t e n t i a l  i n  t h e  ope ra t i ona l  mode and g r i d  p o t e n t i a l  during 

outgassing.  A number of c a l i b r a t i o n s  were made i n  N2 gas of i on  cu r r en t  

versus  p re s su re  us ing  known pressures  a s  set i n  t h e  c a l i b r a t i o n  system, The 

gage i s  l i n e a r  i n  t h e  p re s su re  range of t o  lo-' t o r r  w i t h i n  t h e  rneasure- 

ment unce r t a in ty  of t h e  c a l i b r a t i o n  system. From t h i s  an average gage cons tan t  

of 20 t o r r - I  w a s  c a l cu l a t ed  g iv ing  0.08 amperes l to r r  s e n s i t i v i t y  and t h i s  va lue  

was used f o r  a l l  f u r t h e r  d a t a .  

The gage was then t r a n s f e r r e d  t o  t h e  second system and a s e r i e s  s f  t e s t s  

were performed t o  determine Low p re s su re  opera t ing  condi t ions  using a  previ-  

ously c a l i b r a t e d  H e l m e r  gage a s  t h e  r e f e r ence  s tandard .  

The u l t i m a t e  p re s su re  of t h e  system, approximately 1  x 10-l2 t o r r ,  was 

a t t a i n e d  wi th  both gages opera t ing .  These gages were then checked f o r  spuki- 

ous no i se .  Both gages,  wi th  t h e  emission o f f ,  have background c u r r e n t s  below 

2 x  10-lq amperes. Af te r  thorough outgass ing ,  a  p l o t  of i on  c u r r e n t  o t  t h e  

buried c o l l e c t o r  gage versus  i o n  cu r r en t  of t h e  bent  beam Helmer gage was ntacie 

by bleeding I n  M2 gas ( f i g .  9 j ,  'This curve shows a  tesidrraL c r a a ~ e r a i  i l r r r i  t 

f o r  t h e  b u r i e d  c o l l e c t o r  gage of approximately 2 . 2  x 10 alnpert-s. i f  tic. 



assunie t h e  bent  beam Helmer gage remains l i n e a r  below I Q - ~  t o r r  and a  b u r i e d  

co l l ec to r  gage constant, of 20 forr"  w i th  4 mA emission,  t h e  nitrogen equiva- 

l e n t  r e s i d u a l  l i m i t  would be  approximately 2 . 6  x t o r r .  It i s  f e l t  t h a t  

ou tgass ing  from t h e  f i l ament  and desorbed gases  from t h e  g r i d  could c o n t r i b u t e  

t o  t h i s  l i m i t  a s  w e l l  a s  t h e  X-rays. 

Fur ther  e f f o r t s  on low X-ray l i m i t  gages has been centered around t h e  

o r b i t r o n  gage. This  work has  been d iv ided  i n t o  two p a r t s :  (1) t h e o r e t i c a l  

a n a l y s i s  t o  determine optimum s r b i t r o n  con f igu ra t i on  and ope ra t i ng  parameters 

and ( 2 )  des ign  of e l e c t r o n i c  systems and experiments with v a r i a t i o n s  on t h e  

b a s i c  o r b i t r o n  conf igura t ion .  The t h e o r e t i c a l  a n a l y s i s  was made p r imar i l y  by 

Brsck ( r e f .  6 )  and inc ludes  a  thorough and comprehensive computer program t o  

analyze a l l  p o s s i b l e  v a r i a b l e s  and t h e i r  e f f e c t  on t h e  opera t ion  of t h e  gage. 

To adequately desc r ibe  t h i s  work r e q u i r e s  a  paper i n  i t s e l f ,  so  a  b r i e f  summary 

must s u f f i c e  here .  I n  previous s t u d i e s  of t h e  o r b i t r o n  only t h e  space charge 

f r e e  p o t e n t i a l  d i s t r i b u t i o n  was considered.  While t h e  r e s u l t s  of t h e s e  s t u d i e s  

may c o r r e c t l y  desc r ibe  t h e  e l e c t r o n  t r a j e c t o r i e s  f o r  a  very low e l e c t r o n  den- 

s i t y  s t o r e d  i n  t h e  r o t a t i n g  e l e c t r o n  cloud,  t h e  r e s u l t s  a r e  not app l i cab l e  t o  

p r a c t i c a l  o r b i t r o n s  s i n c e  e x i s t i n g  experimental  d a t a  i n d i c a t e  t h a t  t h e  e l e c t r o n  

dens i ty  i n  t h e  space  charge cloud i s  no t  n e g l i g i b l e .  The space charge f r e e  

a n a l y s i s  y i e l d s  l i t t l e ,  i f  any, i n s i g h t  i n t o  t h e  dynamics of t h e  o r b i t r o n  s i n c e  

a l l  t h e  ques t ions  of subs tance  involve  t h e  space charge dependent p o t e n t i a l  

d i s t r i b u t i o n .  Questions concerning, f o r  example: e l ec t rode  geometry f o r  

op t imm charge s to rage  i n  t h e  r o t a t i n g  space charge cloud,  launcher  l oca thsn  

f o r  optimum charge s t o r a g e ,  anode p o t e n t i a l  f o r  optimum charge s t o r a g e ,  s e l f -  

c o n s i s t e n t  o r b i t  i n j e c t i o n  parameters ,  mean o r b i t i n g  l i f e - t ime  of t h e  e l e c t r o n s ,  

o r b i t  s t a b i l i t y  criteria, dependence of mean k i n e t i c  energy on stored. charge ,  



i n j e c t i o n  (emission) c u r r e n t  necessary  t o  main ta in  optimum charge s t o r a g e ,  ion- 

i z a t i o n  r a t e ,  and t h e  i o n  energy d i s t r i b u t i o n ,  cannot be answered wi thout  know- 

ledge  of t h e  space  charge dependent p o t e n t i a l  d i s t r i b u t i o n ,  

The above observa t ions  c l e a r l y  i n d i c a t e  t h a t  t h e  a n a l y s i s  of t h e  o r b i t r o n  

should b e  s e l f - c o n s i s t e n t  i f  i t  is t o  be  a p p l i c a b l e  t o  r e a l  o r b i t r o n s ,  That 

i s ,  t h e  a n a l y s i s  must b e  s e l f - c o n s i s t e n t  i n  t h e  s ense  t h a t  t h e  d i f f e r e n t i a l  

equa t ions  which d e s c r i b e  t h e  e l e c t r o n  motion must con t a in  a  p o t e n t i a l  d i s t r i b u -  

t i o n  which is  i n  p a r t  a  f unc t i on  of average e l e c t r o n  d i s t r i b u t i o n  w i t h i n  t h e  

space charge c loud ,  and thus  t a k e  proper  account of t h e  e l e c t r o n  motion. This  

appears  t o  be  a  formidable  t a s k ,  s i n c e  t h e  s e l f - c o n s i s t e n t  set of d i f f e r e n t i a l  

equa t ions  de sc r ib ing  t h e  e l e c t r o n  motion (Force Equat ions ,  Poisson Equat ion,  

and Cont inu i ty  Equation) reduce t o  a n  e s s e n t i a l l y  nonl inear  i n t e g r a l  equa t ion  

of a  t ype  f o r  which no gene ra l  s o l u t i o n  i s  known (except ,  perhaps,  i n  a  few 

s p e c i a l ,  r e s t r i c t e d  c a s e s ) .  However, a  s o l u t i o n  t o  t h e  s e l f - c o n s i s t e n t  s e t  s f  

equa t ions  is p o s s i b l e  us ing  i t e r a t i v e ,  numerical methods. 

The development of a  s e l f - c o n s i s t e n t  s o l u t i o n  f o r  t h e  e l e c t r o n  motion, 

charge d e n s i t y  d i s t r i b u t i o n  and charge dependent p o t e n t i a l  d i s t r i b u t i o n  i n  an 

o r b i t r o n  i s  based on t h e  assumptions given below. 

ASSUMPTIONS 

1. The space charge i s  completely e l e c t r o n i c .  

2 .  The charge d e n s i t y  d i s t r i b u t i o n  i s  s u f f i c i e n t l y  uniform i n  t h e  Z-direct ion 

t h a t  i t s  v a r i a t i o n  w i th  Z may be  neg lec ted .  

3 .  The charge d e n s i t y  d i s t r i b u t i o n  is  independent of 8 .  

4 ,  The time dependent component of t h e  charge d e n s i t y  corresponding t o  t h e  

c o l l i s i o n  l o s s  r a t e  and t h e  balancing i n j e c t i o n  r a t e  is  n e g l i g i b l e  compared 

t o  t h e  c i r c u l a t i n g  c u r r e n t  a s soc i a t ed  w i th  t h e  equi l ib r ium charge d e a t ? ~ e y ,  



5 ,  A l l o w e d  t e a j e c t i o n s  a r e  members o n l y  of t h e  a r b i e  s u b s e t  which s a t i s f i e s  

t h e  s t a b i l i t y  c r i t e r i a ;  exc lud ing  however, t h o s e  members of t h i s  subse t  

which a r e  low o r d e r  c l o s e d  t r a j e c t o r i e s ,  

These assumptions  a r e  shown t o  b e  v a l i d  f o r  p r a c t i c a b l e  c o n f i g u r a t i o n s  and 

modes of o p e r a t i o n .  

P o i s s o n ' s  Equat ion must b e  s o l v e d  f o r  an  a r b i t r a r y  charge  d e n s i t y  

d i s t r i b u t i o n  ex tend ing  over  an  a r b i t r a r y  r e g i o n  of t h e  i n t e r e l e c t r o d e  space .  

~t i s  t h e r e f o r e  necessa ry  t o  d i v i d e  t h e  i n t e r e l e c t r o d e  s p a c e  i n t o  t h r e e  con- 

c e n t r i c  r e g i o n s  and s o l v e  t h e  Po i sson  Equat ion i n  each ,  The s o l u t i o n  f o r  each 

l e g i o n  is t h e n  matched a t  i t s  boundar ies  w i t h  t h e  s o l u t i o n s  f o r  t h e  a d j a c e n t  

r e g i o n s .  I n  t h e  p r o c e s s ,  e l e c t r o d e  boundary c o n d i t i o n s  a r e  a p p l i e d ,  

The charge  d e n s i t y  d i s t r i b u t i o n  a s  a f u n c t i o n  of t h e  r a d i a l  component of 

t h e  e l e c t r o n  v e l o c i t y  i s  d e r i v e d  from s t a t i s t i c a l  r eason ing .  Although t h e  same 

r e s u l t  may b e  d e r i v e d  by a p p l i c a t i o n  of t h e  c o n t i n u i t y  e q u a t i o n  t h e  s t a t i s t i c a l  

method d i r e c t l y  y i e l d s  a  normalized charge d i s t r i b u t i o n  f u n c t i o n  such t h a t  t h e  

i n t e g r a l  o v e r  t h e  e n t i r e  i n t e r e l e c t r o d e  s p a c e  i s  e q u a l  t o  t h e  t o t a l  charge  

s t o r e d  i n  t h e  r o t a t i n g  e l e c t r o n  c loud .  

The d i f f e r e n t i a l  e q u a t i o n s  ( f o r c e  e q u a t i o n s )  f o r  t h e  motion of a n  e l e c t r o n  

a r e  so lved  f o r  a n  a r b i t r a r y  p o t e n t i a l  d i s t r i b u t i o n .  Only a s o l u t i o n  f o r  t h e  

v e l o c i t y  i s  r e q u i r e d  s i n c e  t h e  t u r n i n g  p o i n t s  may b e  ob ta ined  d i r e c t l y  f rom t h e  

v e l o c i t y  e q u a t i o n ,  and a  d e t a i l e d  knowledge of t h e  o r b i t  shape i s  unnecessary  

i n  n e a r l y  a l l  meaningful q u e s t i o n s .  However, much can be  i n f e r r e d  concerning 

t h e  g e n e r a l  o r b i t  shape  from v a r i o u s  a n a l y t i c a l  r e s u l t s ,  

Bntind e l ~ r r r c - r n  t r a j e c t o r i e s  having an  a r b i t r a r y  shape ( e c c e n t r i c i t y )  are 

analyzed f o r  s t a b i l i t y ,  A s t a b i l i t y  c r i t e r i o n  i s  developed wPaich separates a31 

p o s s i b l e  t r a j e c t o f i e s  into iiwu subsets s, s t a b l e  and unstabLc, /i nch\r ,  Ereca para- 
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meter i s  introduced which q u a n t i t a t i v e l y  s p e c i f i e s  t h e  s t a b i l i t y  o f  e l e c t r o n  

t r a j e c t o r i e s ,  L t  i s  found t h a t  t h e  dynamic response t o  an a r b i t r a r y  per turba-  

t i o n  of t h e  e l e c t r o n  t r a j e c t o r i e s  has  a  l i m i t  f o r  s t a b l e  t r a j e c t o r i e s  bu t  

d iverges  without  l i m i t  f o r  uns t ab l e  t r a j e c t o r i e s .  It is  a l s o  found t h a t  w i th in  

t he  s t a b l e  t r a j e c t o r y  subse t  t h e r e  e x i s t s  a  d i s c r e t e  s e r i e s  of c lo sed ,  s t a t i o n -  

a ry  t r a j e c t o r i e s .  These t r a j e c t o r i e s  may be  e l imina ted  by d isa l lowing  c e r t a i n  

d i s c r e t e  va lues  of t h e  s t a b i l i t y  parameter.  

A t  t h i s  p o i n t  t h r e e  equat ions have been obtained i n  terms of t h r e e  unknown 

func t ions :  t h e  p o t e n t i a l  d i s t r i b u t i o n ,  t h e  charge dens i ty  d i s t r i b u t i o n ,  and 

t h e  r a d i a l  component of t h e  e l e c t r o n  v e l o c i t y .  The impos i t ion  of t h e  s t a b i l i t y  

c o n s t r a i n t  which a s su re s  t h a t  t h e  r o t a t i n g  e l e c t r o n  cloud i s  populated wi th  

e l e c t r o n s  having long probable l i f e t i m e s ,  completes t h e  s p e c i f i c a t i o n  of t h e  

system. Solving t h i s  system of equa t ions  f o r  t h e  p o t e n t i a l  d i s t r i b u t i o n  y i e l d s  

a  nonl inear  i n t e g r a l  equat ion f o r  which a  p a r t i c u l a r  s o l u t i o n  i s  p o s s i b l e  using 

numerical techniques.  By numerical i n t e g r a t i o n  and i t e r a t i o n ,  a s o l u t i o n  

having any prescr ibed  accuracy may be  obtained.  

The r a d i a l  component of t h e  e l e c t r o n  v e l o c i t y  corresponding t o  t h e  space 

charge f r e e  p o t e n t i a l  d i s t r i b u t i o n  i s  taken a s  a  f i r s t  approximation t o  t h e  

r a d i a l  v e l o c i t y ,  f o r  use  i n  t h e  charge dens i ty  d i s t r i b u t i o n  equa t ion .  This  

f i r s t  approximation t o  t h e  charge dens i ty  d i s t r i b u t i o n  is twice  i n t e g r a t e d ,  

numerical ly ,  and t h e  r e s u l t  used t o  o b t a i n  a  f i r s t  approximation t o  t h e  space 

charge dependent p o t e n t i a l  d i s t r i b u t i o n .  

The numerical i n t e g r a t i o n s  r equ i r e  t h e  s p e c i f i c a t i o n  of t h e  l i m i t s  of 

i n t e g r a t i o n  which i n  t u r n  r equ i r e s  t h e  s p e c i f i c a t i o n  of t h e  r a t i o  of tu rn ing  

poins  r a d i i ,  R e s t r i c t i n g  f u r t h e r  cons idera t ion  t o  optimized total charge 

conf igura t ions  only reduces t h e  number s f  system parameeers from 6 t o  5 dnd 
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d l l o w s  the  r e t e n t i o n  of some g e n e r a l i t y  i n  the sense t h a t  instead of f i n a l l y  

o b t a i n i n g  a  s i n g l e  p a r t i c u l a r  s o l u t i o n  f o r  a  s p e c i f i c  se t  of parameters, a sub- 

s e t  of p a r t i c u l a r  s o l u t i o n s  i s  o b t a i n e d .  It i s  found t h a t  o p t i m i z a t i o n  o f  t h e  

t o t a l  charge  s t o r e d  i n  t h e  e l e c t r o n  c loud  corresponds t o  l o c a t i n g  t h e  i n n e r  

boundary of t h e  c loud v e r y  n e a r  t h e  anode s u r f a c e .  I n c o r p o r a t i n g  t h i s  r e s u l t  

p rov ides  a  method of a s s u r i n g  t h a t  t h e  r a t i o  of t u r n i n g  p o i n t  r a d i i  do n o t  

change i n  subsequent  i n t e g r a t i o n s .  

The f o l l o w i n g  a r e  t h e  p r e s c r i b e d  parameters  and d e r i v e d  paramete rs  i n  t h e  

order  of p r o g r e s s .  

PRESCRIBED 
PARAMETERS 

DERIVED 

V -;: 385 VOLTS 
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rnl ~ n e  f o l i o w i n g  cv r~c lus ions  may b e  drawn from the  r e s u l t s  developed in. the  

preced ing  o r b i t r o n  a n a l y s i s :  

(1) The s p a c e  charge  dependent p o t e n t i a l  d i s t r i b u t i o n ,  f o r  ~l~aximum charge  

s t o r e d  s t a b l y  i n  t h e  r o t a t i n g  e l e c t r o n  c l o u d ,  is  s u b s t a n t i a l l y  lower t h a n  t h e  

space  charge  f r e e  p o t e n t i a l  d i s t r i b u t i o n .  Th is  conf i rms t h e  s u s p i c i o n  t h a t  a  

space  charge  f r e e  a n a l y s i s  has  l i m i t e d  u t i l i t y .  

( 2 )  The maximum charge  t h a t  may b e  s t o r e d  s t a b l y  i n  t h e  r o t a t i n g  e l e c t r o n  

cloud is about  t h e  same as may be s t o r e d  on one p l a t e  of a  c y l i n d r i c a l  capa- 

s k t o r  of t h e  same dimensions a t  t h e  same anode p o t e n t i a l .  

( 3 )  The maximum charge  s t o r e d  s t a b l y  i s  approximately  a l i n e a r  f u n c t i o n  

of anode p o t e n t i a l  ( o t h e r  parameters  f i x e d ) .  The i o n  p roduc t ion  r a t e  (pe r  u n i t  

l e n g t h  of e l e c t r o n  c loud)  i n c r e a s e s  s lower  t h a n  t h e  anode p o t e n t i a l  ( o t h e r  

parameters  f i x e d )  , 

(4 )  Maximizing t h e  charge  s t o r e d  s t a b l y  r e q u i r e s  t h a t  t h e  e l e c t r o n  

t r a j e c t o r y  i n n e r  t u r n i n g  p o i n t  be v e r y  n e a r  t h e  anode s u r f a c e .  

( 5 )  The charge  s t o r e d  s t a b l y  i n c r e a s e s  w i t h  i n c r e a s i n g  anode r a d i u s  and 

d e c r e a s i n g  o u t e r  c y l i n d e r  r a d i u s  (however f o r  a l l  o t h e r  parameters  f i x e d ,  ehe 

o u t e r  c y l i n d e r  r a d i u s  cannot b e  less t h a n  a  c e r t a i n  lower l i m i t ) ,  

(6)  The feedback mechanism, which r e g u l a t e s  t h e  t o t a l  p o p u l a t i o n  of t h e  

e l e c t r o n  c loud a t  i t s  maximum v a l u e  c o n s i s t e n t  w i t h  s t a b i l i t y  requ i rements ,  i s  

o p e r a t i v e  o n l y  f o r  a n  i n n e r  t u r n i n g  p o i n t  l o c a t i o n  v e r y  near  t h e  anode s u r f a c e ,  

For a l l  l a r g e r  i n n e r  t u r n i n g  p o i n t  l o c a t i o n s  t h e  c loud p o p u l a t i o n  must b e  regu- 

l a t e d  by o t h e r  ( e x t e r n a l )  mechanisms. The p o s s i b i l i t y  o-E over p o p u l a t i n g  ethe 

~ L ~ c t r o n  c loud p r e s e n t s  a g rave  hazard i f  t h e  i n n e r  t u r n i n g  p a i n t  is n o t  near 

rhe anode s u r f a c e ,  



(7 )  O r b i t  i n s e r t l o n  parameters  must b e  a c c u r a t e l y  c o n t r o l l e d  t o  achieve 

optimum c h a r g e  s t o r a g e ,  Devia t ion  i n  o r b i t  i n s e r t i o n  paramete rs  r e s u l t s  i n  

u n s t a b l e  t r a j e c t o r i e s ,  s h o r t  o r b i t i n g  l i f e  t i m e s ,  and low i o n  p r o d u c t i o n  r a t e ,  

(8) For many c o n f i g u r a t i o n s  o r  modes of o p e r a t i o n ,  t h e  r a t i o  o f  emiss ion 

c u r r e n t  T O  i o n  c u r r e n t  i n c r e a s e s  w i t h  i n c r e a s i n g  anode p o t e n t i a l .  

(9)  Ion  gage s e n s i t i v i t i e s  of t h e  o r d e r  of lo4 and lo5  t o r r - l  can be  

achieved f o r  c o n v e n t i o n a l  s i z e  d e v i c e s .  

(10) S e v e r a l  modes of o p e r a t i o n  a r e  p o s s i b l e ,  f o r  o r b i t r o n  i o n  gages ,  

which are s u b s t a n t i a l l y  f r e e  of r e s i d u a l  c u r r e n t .  

R e l a t i v e l y  h i g h  i o n i c  pumping speeds  a r e  a t t a i n a b l e  i n  o r b i t r o n  i o n  pumps. 

For example: a n  o r b i t r o n  pump about t h e  s i z e  of t h e  magnetron gage (Redhead) 

and o p e r a t e d  a t  t h e  same anode p o t e n t i a l  would have a n  Argon speed of about  

2 l i t e r s / s e c .  S i m i l a r l y ,  a 5 cm d i a m e t e r ,  20 cm l e n g t h  o r b i t r o n  pump o p e r a t e d  

a t  lOKV would have an  Argon speed of about  65 l i t e r l s e c .  

(11) The computa t iona l  t a s k  a s s o c i a t e d  w i t h  o b t a i n i n g  a  p r e c i s e  s o l u t i o n  

t o  t h e  o r b i t r o n  probl.em appears  t o  b e  l e s s  fo rmidab le  t h a n  was suspec ted  a t  

f i r s t ,  s i n c e  t h e  comparison i m p l i e s  t h a t  t h e  i t e r a t i o n  p rocess  converges 

r a p i d l y .  

Other  work on t h e  o r b i t r o n  gage h a s  been concerned w i t h  a c t u a l  exper iments  

w i t h  v a r i o u s  c o n f i g u r a t i o n s  of t h e  o r b i t r o n  a t  low p r e s s u r e s ,  The u s e  of 

s h i e l d  guards  t o  a c t  a s  i o n  r e f l e c t o r s  t o  i n c r e a s e  s e n s i t i v i t y  is  be ing  s t u d i e d  

a long w i t h  f i l a m e n t  p o s i t i o n  and e l e c t r o n  i n j e c t i o n  paramete rs .  The r e s u l t s  

a r e  n o t  y e t  a v a i l a b l e  from t h e s e  exper iments .  

I n  a d d i t i o n  t o  g e n e r a l  eng ineer ing  work t o  improve gage s e n s i t i v i t y ,  of 

s p e c i a l  i n t e r e s t  has  been t h e  work c a r r i e d  o u t  f o r  US by Schwarz on the q u a d -  

srupale i o n i z a t i o n  gage ( r e f ,  7 1 ,  The main points i r r  developing a gage o f  



rh3s t y p e  a r e :  

I ,  Low x-ray l i m i t ,  which i m p l i e s  t h a t  e l e c t r o n  d e n s i t y  d e c r e a s e s  w i t h  

p r e s s u r e ,  o r  t h a t  few h igh  energy e l e c t r o n s  s t r i k e  s o l i d  s u r f a c e s .  

2 ,  E l i m i n a t i o n  of t h e  magnet ic  f i e l d .  

3 ,  E l e c t r o n  p a t h  l e n g t h  a s  long  as p o s s i b l e .  

These p o i n t s  were achieved by t h e  u s e  of a  double  quadrupole  sys tem which 

resembles a Penning type  i o n  gage.  The main d i f f e r e n c e  i s  t h a t  i n s t e a d  o f  

u s i n g  a  magnet ic  f i e l d  f o r  keeping t h e  e l e c t r o n s  i n  t h e  c e n t e r  of t h e  t u b e ,  u s e  

i s  made of quadrupole  o p t i c s .  The quadrupole  sys tem uses  a  r a d i o  f requency 

o s c i l l a t o r  tuned s o  t h a t  o n l y  e l e c t r o n s  a r e  moving on s t a b l e  t r a j e c t o r i e s  

w f ~ h i n  t h e  c e n t e r  of t h e  tube .  A d c  p o t e n t i a l  i s  superimposed on t h e  r a d i o  

f requency and a l s o  a p p l i e d  t o  a ring-shaped midpoint  e l e c t r o d e .  A t  t h e  o t h e r  

end of t h e  t u b e ,  t h e  e l e c t r o n s  encounte r  an  i n v e r s e  f i e l d  due t o  a  d i s c  e l e c -  

r rode which i s  a t  t h e  same p o t e n t i a l  a s  t h e  ca thode .  The e l e c t r o n s  w i l l  t h u s  

remain i n  t h e  t u b e  u n t i l  they  h i t  g a s  atoms o r  molecules .  Some of t h e  i o n s  a r e  

c o l l e c t e d  a t  a s c r e e n  surrounding t h e  e n t i r e  e l e c t r o d e  s t r u c t u r e .  The s t a n d a r d  

s o l u t i o n s  t o  t h e  quadrupole  e q u a t i o n  were used t o  determine t h e  o p e r a t i n g  para-  

mete r s  f o r  t h e  gage.  I n  t h i s  gage a  f requency of 200 MHz was used which d e t e r -  

mines t h e  r a t i o  of t h e  peak v o l t a g e  Uo and t h e  superimposed d c  v o l t a g e  Udc .  

Fo r  e l e c t r o n  f o c u s i n g  t h e  r a t i o  Uo/Udc e q u a l s  6.05. Th is  means t h a t  f o r  a 

peak v o l t a g e  Uo = 165 v o l t s ,  t h e  dc  p o t e n t i a l  should  b e  Udc = 27 v o l t s ,  The 

gage h a s  always been tuned f o r  maximum c o l l e c t o r  c u r r e n t  which co inc ided  w i t h  

rhe t h e o r e t i c a l  r e l a t i o n s h i p  f o r  b e s t  e l e c t r o n  focus ing .  Under i d e a l  condi- 

t i o n s  t h e  unper tu rbed  e l e c t r o n s  w i l l  move i n d e f i n i t e l y  back and f o r t h  allorsg t h e  

t r a j e c t o r i e s .  The number of unper turbed e l e c t r o n s  w i l l  i n c r e a s e  as t h e  y r e s -  

.sure decreases. AI: pressures t r t  l oua3  tor,  an e I e r t r ~ n  ~ . r i l l  haere .r mean F J  c t s  



path  of 1 0 ~ ~  cm, An e l e c t r o n  of such a mean free pa th  w i l l  t r a v e l  back and 

f o r t h  i n  the  tube  as Long as "8 minutes" u n t i l  i t  s u f f e r s  a c o l l i s i o n ,  which 

could l e a d  t o  i o n i z a t i o n .  Assuming a 10% p r o b a b i l i t y  f o r  such an event  a t  a 

p re s su re  o f  10-13 t o r r ,  an  i o n  cu r r en t  of t h e  o rde r  of microamperes can be  

expected,  and such ion  cu r r en t s  have been reached i n  experiments.  

F igure  10 shows a  schematic drawing of t h e  gage. The sc r een  Sc c o l l e c t s  

t h e  i ons  which were measured by a  s e n s i t i v e  e l ec t rome te r .  The optimum nega t ive  

p o t e n t i a l  was Us = -77 v o l t s  aga ins t  t h e  cathode. The d i s c  Co was connected 

wi th  t h e  cathode C.  The cathode was a  h a i r p i n  f i l ament  heated by a  d c  power 

supply. The r i n g  AR was connected wi th  t h e  f o u r  rods R and had a  p o t e n t i a l  

of Udc = +27 v o l t s .  A s imple mill iamperemeter A was i n s e r t e d  t o  measure t h e  

i n i t i a l  e l e c t r o n  emission i .  The r a d i o  frequency was fed i n t o  t h e  rods  by 

using t h e  rods themselves as  t ransmiss ion  l i n e s .  The peak vo l t age  was obtained 

by i n s e r t i n g  an impedance between two p a i r s  of oppos i te  rods .  The t o t a l  l ength  

of t h e  e l e c t r o d e  s t r u c t u r e  was 10 cm, and t h e  i n t e r n a l  rad ius  a s  def ined  above 

was r = 1 cm. 
0 

C a l i b r a t i o n  curves were made a t  d i f f e r e n t  RP power i npu t s  and d i f f e r e n t  

e l e c t r o n  emission cu r r en t s .  By a d j u s t i n g  t h e  power supply f o r  hea t ing  t h e  

f i l amen t ,  t h e  emission cu r r en t  was s e t  w i th  only t h e  dc p o t e n t i a l s  on. Af t e r  

feeding i n  t h e  RE' frequency wi th  t h e  c o r r e c t  peak p o t e n t i a l ,  t h e  emission cur- 

r e n t ,  a s  measured a t  t h e  mill iamperemeter A ,  dropped down t o  1 t o  10% of i t s  

i n i t i a l  va lue .  This  means t h a t  due t o  e l e c t r o n  focus ing  and o s c i l l a t i o n s  a  

nega t ive  space charge had b u i l t  up and prevented f u r t h e r  e l e c t r o n  emission of 

t he  cathode. 

The f a c t  t h a t  t h e  emission currenc dropped t o  such a lovz value means a lso 

t h a t  very f e w  e l e c t r o n s  of h i g h  energy r e a l l y  h i t  s o l i d  p a r t s  i n  t h e  t ube ,  
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F i g u r e  11 shows a c a l i b r a t i o n  a t  an i n i t i a l  e l ec t ron  emission of 108 micro- 

amperes and an RF power t r ansmi t t ed  i n t o  t h e  quadsupole  gage of about 20 watts. 

The above b r i e f l y  h i t s  a t  t h e  main p o i n t s  of t o t a l  p r e s su re  measurement 
\ 

research  being c a r r i e d  ou t  o r  supported by t h e  Langley Research Center of NASA, 

However, a l a r g e  p o r t i o n  of t h e  r e sea rch  is  centered around p a r t i a l  p r e s su re  

measurements, and t h i s  work i s  descr ibed  i n  t h e  next  s e c t i o n .  

( 2 )  P a r t i a l  P re s su re  Measurements 

Work i n  p a r t i a l  p r e s su re  measurements has  been l i m i t e d  almost exc lus ive ly  

t o  t h e  mass spectrometer .  Not only are r e s i d u a l  background measurements made 

i n  t h i s  way, bu t  i n  i n s t ances  where accuracy of measurement i s  requi red  and 

t h e r e  is  some ques t ion  of test gas  p u r i t y ,  t h e  mass spectrometer ,  i n  one of i t s  

f o r m ,  is  used a s  t h e  measuring instrument .  

I n  beginning development of improved mass spec t rometers ,  t he  spectrometer  

was d iv ided  i n t o  t h r e e  subsystems; (1) t h e  i on  source ,  (2 )  t h e  mass s e p a r a t o r ,  

and (3)  t h e  i o n  d e t e c t o r .  Our surveys of t h e  s t a t e  of development of t h e  t h r e e  

a r ea s  i nd i ca t ed  t h a t  t h e  mass s epa ra to r  s e c t i o n ,  as  represented by s e c t o r s ,  

t ime-of - f l igh t ,  and quadrupoles,  was rece iv ing  adequate a t t e n t i o n  from o t h e r  

r e sea rche r s  and was t h e  b e s t  developed of t h e  t h r e e  a r ea s .  We t h e r e f o r e  con- 

cen t r a t ed  on t h e  development of i o n  sources  a s  a primary a r e a ,  and i o n  de tec-  

t o r s  a s  a secondary a r ea .  Backup work of a genera l  n a t u r e  has a l s o  been done 

on complete systems a t  very low p re s su re s  t o  e s t a b l i s h  system ope ra t i ng  para- 

meters and t o  determine optimum condi t ions  f o r  accu ra t e  measurement of r e s i d u a l  

gases . 
The p r i n c i p l e  work i n  ion  sources  has  been t h e  development of a cold-  

cathode magnetron i o n  source (GCIS) f o r  use  wi th  quadrupole  mass spectrometers,  



The d e t a i l s  of t h i s  work are r e p o r t e d  by Torney,  e t  al, ( r e f .  8 )  and w i l l  b e  

b r i e f l y  reviewed h e r e .  

T h i s  program began w i t h  a two f o l d  purpose:  (1)  t o  develop an  i o n  s o u r c e  

t h a t  had a h i g h e r  i o n  p r o d u c t i o n  r a t e  t h a n  c o n v e n t i o n a l  h o t  f i l a m e n t  s o u r c e s ,  

and (2)  t o  develop a  s o u r c e  t h a t  would n o t  r e a c t  w i t h  gases  a s  h o t  f i l a m e n t s  

do and t h u s  produce a  c l e a n e r  more r e p r e s e n t a t i v e  sample of t h e  gas  t o  b e  meas- 

u red .  Both of t h e s e  g o a l s  have been m e t .  The b a s i c  d e s i g n  of t h e  s o u r c e  i s  

shown s c h e m a t i c a l l y  i n  f i g u r e  12. Th is  d e s i g n  was chosen a f t e r  a number of 

c o n f i g u r a t i o n s  of t h e  cold-cathode i o n  s o u r c e  (CCIS) were cons idered  f o r  pos- 

s i b l e  a p p l i c a t i o n .  These s o u r c e s  a l l  invo lved  a magne t ica l ly  conf ined  e l e c t r i -  

c a l  d i s c h a r g e  i n  a low p r e s s u r e  gas .  R a d i o a c t i v e  and o t h e r  co ld  d i s c h a r g e s  

were a l s o  cons idered  b u t  r e j e c t e d  p r i m a r i l y  f o r  s e n s i t i v i t y  reasons .  Of t h e  

numerous t y p e s  of cold-cathode d i s c h a r g e  d e v i c e s ,  t h e  magnetron t y p e  d i s c h a r g e  

( a f t e r  Redhead) was s e l e c t e d ,  p r i m a r i l y  because  of i t s  h i g h  s e n s i t i v i t y .  An 

i o n  s o u r c e  was des igned and b u i l t  u s i n g  t h e  Redhead magnetron s t r u c t u r e ,  b u t  

w i t h  a  s m a l l  remnant s t u b  r e p l a c i n g  t h e  normal cathode s p o o l  c o n s t r u c t i o n .  The 

p r e l i m i n a r y  s o u r c e  was des igned t o  s t u d y  t h e  p r o p e r t i e s  of i o n  beams e x t r a c t e d  

from t h e  s o u r c e .  To t h i s  end, r e t a r d i n g  f i e l d  t echn iques  were used i n  conjunc- 

t i o n  w i t h  a s i m p l e  Faraday cup i o n  c o l l e c t o r  t o  measure t h e  emergent beam. 

A f t e r  p r e l i m i n a r y  i n v e s t i g a t i o n  of v a r i o u s  e x t r a c t i o n  methods, s t u d i e s  were 

made o f  t h e  energy spread  of t h e  i o n  beam. A r e l a t i v e l y  l a r g e  f l u x  of low 

energy i o n s  was no ted  under optimum c o n d i t i o n s .  Th i s  f l u x  of i o n s  was measured 

a f t e r  p a s s i n g  through an  a p e r t u r e  of 3 mm. The r e s u l t a n t  i o n  s o u r c e  s e n s i t i -  

v i t y  was approximately  5  mA/torr ( n i t r o g e n ) ,  The total energy spread  of 96 ,8% 

of t h e  i o n s  was between O and 31.5 eV. This  f i g u r e  i s  w i t h i n  t h e  a c c e p t a b l e  

l i m i t s  f a r  a x i a l  energy spread f o r  a s m a l l  quadrupole  analyzer ,  
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It became obvious from e a r l y  i n v e s t i g a t i o n s  of t h e  i o n  s o u r c e  t h a t  t h e  

o n l y  a n a l y z e r  capab le  of d e a l i n g  w i t h  t h e  r e l a t i v e l y  l a r g e  CCLS energy s p r e a d  

w a s  a  quadrupole .  It was n o t  obvious  which of t h e  number of quadrupole  opera- 

t i n g  modes would b e  most f a v o r a b l e  f o r  t h e  CCIS, o r  i f ,  indeed ,  any modes were.  

A c a r e f u l  a n a l y s i s  was,  t h e r e f o r e ,  made of t h e  quadrupole  t h e o r y  t o  d e f i n e  t h e  

optimum c o n d i t i o n s .  The r e s u l t s  of t h i s  s t u d y  showed t h a t  one mode i s  p r e f e r -  

a b l e  t o  t h e  o t h e r s .  Summarized b r i e f l y ,  i t  was shown t h a t  t h e  s o - c a l l e d  "con- 

s t a n t  peak width" (Am = c o n s t a n t )  mode i s  p r e f e r a b l e  f o r  t h e  fo l lowing  r e a s o n s :  

( a )  Peak wid th  i s  n e a r l y  independent  o f  mass. 

(b)  Mass s c a l e  is l i n e a r  throughout  t h e  mass r a n g e .  

( c )  Maximum a l l o w a b l e  t r a n s v e r s e  i o n  energy ( f o r  100 p e r c e n t  

t r a n s m i s s i o n )  is  independent  of m a s s .  

(d)  Maximum a l l o w a b l e  a x i a l  i o n  energy is a l s o  independent  of mass. 

( e )  For 100 p e r c e n t  t r a n s m i s s i o n ,  t h e  s e l e c t e d  mode w i l l  permit  a  

l a r g e r  beam d iamete r  (h igher  s e n s i t i v i t y )  t h a n  o t h e r  modes. 

( f )  Requirements of f requency and v o l t a g e  s t a b i l i t y  are l e s s  s t r i n g e n t  

f o r  t h e  chosen mode, p a r t i c u l a r l y  a t  lower masses.  

Having demonstrated t h a t  a cold-cathode i o n  s o u r c e  w i l l  produce a  beam of 

i o n s  a c c e p t a b l e  t o  a  quadrupole  a n a l y z e r ,  f u r t h e r  work was begun i n  improving 

t h e  s o u r c e  d e s i g n  t o  i t s  f u l l e s t  e x t e n t .  The improved s o u r c e  con ta ined  a  probe 

f o r  measuring i o n  energy d i s t r i b u t i o n  through a  ve ry  s m a l l  ( 1  mm) s imula ted  

quadrupole  e n t r a n c e  a p e r t u r e .  The p r o b e ' s  p o s i t i o n  was a d j u s t a b l e  r e l a t i v e  t o  

t h e  i o n  e x i t  a p e r t u r e .  The d e s i g n  inc luded  an  e l e c t r o s t a t i c  l e n s  and p r o v i s i o n  

f o r  comparing s e n s i t i v i t i e s  w i t h  and w i t h o u t  t h e  l e n s .  Also inc luded  was a  

p r o v i s i o n  f o r  d e f i n i n g  optimum i o n  e x t r a c t i o n  c o n d i t i o n s .  M o d i f i c a t i o n s  were 

a l s o  made i n  t h e  magnetic f i e l d  geometry used in the  f e a s i b i l i t y  s t u d y .  



C y l i n d r i c a l  ceramic magnets were used t o  reduce e x t e r n a l  bulk.  E l imina t ion  of 

i n t e r n a l  po le  p ieces  improved beam geometry a t  t h e  i o n  e x i t  a p e r t u r e  and gen- 

e r a l l y  reduced i n t e r n a l  sources  of outgassing.  

Methods of opt imizing s e n s i t i v i t y  without  t h e  l e n s  were s tud i ed  f i r s t .  

The s e n s i t i v i t y  and ion  energy d i s t r i b u t i o n  were examined (using r e t a r d i n g  

p o t e n t i a l  methods) a s  a  func t ion  of e x t r a c t i o n  condi t ions .  It was discovered 

t h a t  a  l a r g e  e l e c t r o n  component was p re sen t  i n  t h e  beam and t h a t  c e r t a i n  

abnormally l a r g e  s e n s i t i v i t i e s  observed w e r e  connected w i th  t h e  e l e c t r o n  beam 

component. Subsequent d a t a  was, t h e r e f o r e ,  examined c r i t i c a l l y  f o r  p o s s i b l e  

misconceptions of t h i s  na tu re .  

The h i g h e s t  s e n s i t i v i t y  obtained wi th  optimum i o n  e x t r a c t i o n  cond i t i ons  

and f o r  an energy d i s t r i b u t i o n  acceptab le  t o  a  quadrupole (0-30 eV) was 

5.5 mA/torr (n i t rogen) .  This  va lue  was measured a t  two nodes along t h e  a x i s  

of t h e  e x i t i n g  beam. This  s e n s i t i v i t y ,  obtained through t h e  1 mm diameter  

probe a p e r t u r e  compares very  favorab ly  wi th  a  somewhat lower f i g u r e  obtained 

wi th  a  3 mm diameter a p e r t u r e  used i n  t h e  e a r l i e r  s tudy .  A minimum s e n s i t i -  

v i t y  improvement of one decade was achieved without  t h e  use of a  l e n s .  

Improvements i n  s e n s i t i v i t y  through t h e  use of an  e l e c t r o s t a t i c  l e n s  were 

a l s o  i nves t i ga t ed .  However, i t  was f i n a l l y  concluded t h a t  t h e  l e n s  o f f e r ed  

no advantages and t h e  use  of t h e  l e n s  was d i scont inued .  

Once t h e  improved model of t h e  i o n  source  was completed, i t  w a s  mated t o  

a  commercial quadrupole f o r  eva lua t ion .  P e r t i n e n t  s p e c i f i c a t i o n s  from t h e  

t h e o r e t i c a l  s tandpoin t  a r e  a s  fol lows:  Operating f requenc ies  (v) a r e  5.3 mHz 

and 3 . 3  mHz on t h e  low and medium mass ranges ,  r e s p e c t i v e l y .  Maximum ava i l -  

a b l e  rod p o t e n t i a l  (V) is  LOO0 v o l t s ,  The r ad ius  (ro) of t h e  c l r e l e  i n sc r ibed  



by t h e  quadrupole  rods  is  2.7 mm. The e n t r a n c e  a p e r t u r e  diameter i s  a l s o  

2.7 mm. Rod l e n g t h s  are 11,3 cm. 

The f i n a l  d e s i g n  of t h e  cold-cathode i o n  s o u r c e  (CCIS) i s  a m o d i f i c a t i o n  

of t h e  Redhead magnetron gage.  To a l l o w  i o n  e x t r a c t i o n ,  t h e  s i n g l e  s p o o l  

shaped ca thode  d e s i g n  used i n  t h e  gage i s  s e p a r a t e d  i n t o  two ca thodes ,  one w i t h  

a remnant s t u b  (K1) which is  9 .7  mm long  and 3 . 1  mm i n  d i a m e t e r ,  A l l  remaining 

e l e c t r o d e  dimensions  remain a s  i n  t h e  Redhead gage.  The horseshoe  magnet o r d i -  

n a r i l y  used h a s  been  r e p l a c e d  by hollow c y l i n d r i c a l  ceramic  magnets. Dimen- 

s i o n s  and f i e l d  s t r e n g t h s  of t h e  magnets used a r e  g iven  l a t e r .  

Source e l e c t r o d e s  are suppor ted  on a  s t a i n l e s s  s t e e l  c y l i n d r i c a l  hous ing  

mainta ined a t  ground p o t e n t i a l .  A u x i l i a r y  ca thodes  are welded t o  i t  d i r e c t l y .  

The anode i s  a t t a c h e d  and i n s u l a t e d  by s a p p h i r e  s p h e r e s .  It i s  n o t  p e r f o r a t e d  

a s  i n  t h e  Redhead gage.  Cathodes K1, and K2 a r e  suppor ted  and i n s u l a t e d  by 

g l a s s  s t u d s .  Th i s  arrangement p rov ides  independent  e l e c t r o n i c  a c c e s s  t o  t h e  

anode and each ca thode ;  i t  l i k e w i s e  p rov ides  a guard r i n g  d e s i g n  which,  by 

p reven t ing  l e a k a g e  between e l e c t r o d e s  p r e v e n t s  i n t e r f e r e n c e  w i t h  low l e v e l  

c u r r e n t  d e t e c t i o n .  

The s o u r c e  housing i s  p e r f o r a t e d  and a t t a c h e d  t o  t h e  quadrupole  w i t h  heavy 

r e f r a c t o r y  w i r e  and a s l o t t e d  s l e e v e ;  d i s t a n c e  between t h e  f a c e s  of K2 and 

t h e  quadrupole  a p e r t u r e  p l a t e  was mainta ined a t  2 . 4  mm ( a s  c l o s e  a s  p o s s i b l e  

w i t h o u t  caus ing  a r c i n g  between e l e c t r o d e s ) .  

Tungsten mesh s c r e e n s  were used over  t h e  K2 a p e r t u r e  and t h e  quadrupole  

e n t r a n c e  a p e r t u r e  f o r  t h e  fo l lowing  reasons :  ( a )  t o  a l low t e s t i n g  of t h e  

e f f e c t  of p o t e n t i a l  d i f f e r e n c e s  between t h e s e  components wi thou t  caus ing  beam 

defocus ing ,  (b)  t o  i s o l a t e  magnetron and quadrupole  e l e c t r i c  f i e l d s  and,  

( e )  t o  f l a t t e n  t h e  magnetron po ten t i a - l  d i s t r i b u t i o n  a t  K2 w h i c h  otherwise 



r e s u l t a n t  s e n s i t i v i t y  l o s s e s .  

The CCIS/Quadrupole performance was i n v e s t i g a t e d  a s  a f u n c t i o n  of t h e  

parameters  d i s c u s s e d  below, f i r s t  t o  de te rmine  optimum s o u r c e  o p e r a t i n g  condi- 

t i o n s  and second ,  t o  n o t e  t h e  r e s u l t a n t  s p e c t r o m e t e r  response  t o  mass and 

p r e s s u r e  v a r i a t i o n s .  During t h e  f i r s t  p a r t  of t h e  i n v e s t i g a t i o n ,  n i t r o g e n  was 

used as t h e  test gas  a t  a p r e s s u r e  of 5 . 4  x lo-' t o r r .  I n i t i a l l y ,  a 5 .0  kV 

anode p o t e n t i a l  w a s  used and cathode p o t e n t i a l s  VKl and VK2 were k e p t  a t  

ze ro  v o l t s ;  t h e r e a f t e r ,  v a l u e s  were used which s u c c e s s i v e l y  were shown t o  g i v e  

t h e  b e s t  r e s u l t i o n  and s e n s i t i v i t y .  

. - A  fami ly  of n i t r o g e n  

s p e c t r a  w e r e  r ecorded  a s  a f u n c t i o n  of quadrupole  r e s o l u t i o n  d i a l  s e t t i n g s .  

The l a t t e r  correspond t o  r a t i o s  of dc and r f  rod p o t e n t i a l s ,  U and V 

r e s p e c t i v e l y ,  i n  P a u l ' s  equa t ion  f o r  quadrupole  spec t romete r  r e s o l u t i o n :  

where M is  t h e  a tomic  m a s s  and AM t h e  peak wid th  a t  i t s  base .  S p e c t r a l  

r e s o l u t i o n  changes were determined by comparing t h e  f u l l  wid th  a t  h a l f  maximum 

(FWHM) of t h e  n i t r o g e n  peaks .  Exper imental  r e s o l u t i o n  improved a s  d i a l  

s e t t i n g s  proceeded toward h i g h e r  t h e o r e t i c a l  r e s o l u t i o n ;  s e n s i t i v i t y  

cor responding ly  decreased  (as  p red iced  by t h e o r y )  u n t i l  a  s e t t i n g  w a s  reached 

beyond which s e n s i t i v i t y  cont inued t o  d e c r e a s e  w i t h  no f u r t h e r  r e s o l u t i o n  

improvement. T h i s  s e t t i n g  was t h e n  s e l e c t e d  a s  optimum and used i n  subsequent  

exper iments ,  

;-As w i t h  resoLut ion  s e t t i n g  

expersmen"cs, FWm nteasurements were made. vs, anlode potential (VA) on  a iamily 
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bulges  through t h e  K2 a p e r t u r e ;  t h i s  i s  t o  reduce i o n  d e f s c u s i n g  and 



of n i t r o g e n  s p e c t r a .  T h i s  was done b o t h  on t h e  Low and medium mass ranges  

(1-50 amu and 10-150 amu, r e s p e c t i v e l y ) .  The optimum v a l u e  of VA f o r  b o t h  

ranges  was i n  t h e  v i c i n i t y  of 2.0 kV (compared w i t h  5.0 kV normal ly  used i n  

magnetron t o t a l  p r e s s u r e s  gages ) .  

.-Using t h e  optimum r e s o l u t i o n  

s e t t i n g  and optimum anode d i s c u s s e d  above,  s p e c t r a  were recorded  

a g a i n s t  magnet p o s i t i o n ;  f i r s t  a x i a l l y  and t h e n  r o t a t i o n a l l y .  P o s i t i o n s  

g i v i n g  optimum r e s o l u t i o n ,  a s  determined by FWHM, were s e l e c t e d .  Unl ike  

s p e c t r a l  v a r i a t i o n s  w i t h  r e s o l u t i o n  s e t t i n g  and w i t h  anode p o t e n t i a l ,  no 

s e n s i t i v i t y  l o s s  accompanied t h e  p o s i t i o n a l l y  improved r e s o l u t i o n .  R e s o l u t i o n  

was found optimum when t h e  magnet 's  c e n t e r  co inc ided  w i t h  t h e  midplane between 

ca thodes  K1 and K2. A +3 mm a x i a l  magnet movement caused about a  20% broad- 

ening of t h e  peak ' s  FWHM. A 10% FWHM maximum v a r i a t i o n  occur red  w i t h  r o t a -  

t i o n a l  p o s i t i o n i n g  . 
.- A c c e l e r a t i o n  and r e t a r d a -  

t i o n  of i o n s  p r i o r  t o  t h e i r  e n t r a n c e  t o  t h e  quadrupole  was e f f e c t e d  by e q u a l  

a l t e r a t i o n  of ca thode p o t e n t i a l s  VK1 and V w h i l e  t h e  quadrupole  e n t r a n c e  
K2  

a p e r t u r e  w a s  mainta ined grounded. A c c e l e r a t i o n  was found t o  degrade quadrupole 

r e s o l u t i o n  w h i l e  r e t a r d a t i o n  improved i t .  This  improvement, coupled w i t h  t h a t  

o b t a i n e d  by lowering t h e  anode p o t e n t i a l ,  p o i n t s  t o  h igh i o n  energy a s  a n  

impor tan t  r e s o l u t i o n  l i m i t i n g  f a c t o r .  

Ni t rogen  peak narrowing i s  produced by i n c r e a s i n g  r e t a r d a t i o n  p o t e n t i a l s .  

A 300 v o l t  r e t a r d a t i o n  p o t e n t i a l  was found optimum, when accompanying a  2.0 kV 

( l a t e r  2 . 2  kV) a n ~ d e  p o t e n t i a l ,  For  t h i s  d e t e r m i n a t i o n  t h e  10% v a l l e y  c r i t e -  

r i o n  was used ,  t h e  PWW c r i t e r i o n  be ing  abandoned due t o  improved r e s o l u t i o n ,  



.-When making ca thode  

p o t e n t i a l  VK1 > VK2,  r e s o l u t i o n  d e t e r i o r a t e d  obv ious ly ,  For  V < V 
K 1  K2 

two c o n d i t i o n s  were  t e s t e d :  (1 )  w i t h  VK2 a t  - 300 v o l t s ,  r e s o l u t i o n  remained 

c o n s t a n t  and s e n s i t i v i t y  d e c l i n e d ,  (2) w i t h  V a t  z e r o  v o l t s ,  r e s o l u t i o n  
K2 

improved b u t  n o t  t o  t h e  e x t e n t  ach ieved  by e q u a l  v a r i a t i o n  of ca thode  

p o t e n t i a l s .  

Performance v s .  magnet s ize , -Exper iments  h e r e t o f o r e  d e s c r i b e d ,  were per- 

formed w i t h  a ho l low,  c y l i n d r i c a l ,  ceramic  magnet s t a c k  w i t h  an  11.4  cm o . d . ,  

4 .8  cm i . d . ,  and a  5.7 cm l e n g t h .  Most o f  t h e s e  exper iments  were r e p e a t e d  

us ing  a  s m a l l e r  magnet s t a c k  w i t h  an 8.9 cm o . d . ,  4.8 cm i . d . ,  and 3 .8  cm 

l e n g t h .  A x i a l  magnet ic  f l u x  d e n s i t i e s ,  i n  g a u s s ,  f o r  t h e  l a r g e  and s m a l l  

magnets,  r e s p e c t i v e l y ,  were a s  fo l lows  : 

(1 )  on a x i s  a t  t h e  magnet 's  c e n t e r ,  1220 and 838. 

(2)  on a x i s  a t  t h e  magnet 's  edge,  397 and 368. 

( 3 )  on t h e  i n s i d e  w a l l  o f  t h e  magnet a t  t h e  magnet ' s  

c e n t e r ,  1426 and 957. 

The s p e c t r a  ob ta ined  w i t h  t h e  s m a l l  magnet were ve ry  similar t o  t h o s e  

o b t a i n e d  w i t h  t h e  l a r g e  magnet. R e s o l u t i o n  a t  t h i s  s t a g e  of i n v e s t i g a t i o n  

allowed peak s e p a r a t i o n s  of 3.0 amu and 1 . 5  amu ( u s i n g  t h e  10% v a l l e y  

c r i t e r i o n )  on t h e  medium and low mass ranges .  Th is  compares w i t h  2.5 amu and 

1 . 5  amu, r e s p e c t i v e l y ,  f o r  t h e  l a r g e  magnet. S e n s i t i v i t y  w a s  s l i g h t l y  b e t t e r  

t h a n  h a l f  t h a t  o b t a i n e d  w i t h  t h e  l a r g e  magnet. Most s i g n i f i c a n t l y ,  t h e  s m a l l  

magnet d i s p l a y e d  comparat ively  l a r g e  o p e r a t i n g  mode i n s t a b i l i t i e s ;  d u r i n g  one 

mode change,  t h e  e n t i r e  n i t r o g e n  peak t emporar i ly  d i s a p p e a r e d .  

F u r t h e r  development might e s t a b l i s h  r e l i a b l e  o p e r a t i o n  w i t h  l i t t l e  o r  no 

l o s s  o f  r e s o l u t i o n  o r  s e n s i l i v i t y ,  p e r h a p s  f a r  s t i l l  smaller magnets. Ak  
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p r e s e n t ,  however, t h e  Larger magnet gives  a more s t a b l e  and s e n s i t i v e  

performance. 

The experiments proved t h a t  t h e  CCIS was indeed a s u i t a b l e  i o n  source  f o r  

u l t r a  h igh  vacuum work. A comparison of t h e  s e n s i t i v i t y  of t h e  CCIS versus  

t h e  s t anda rd  h o t  f i l ament  source  f o r  t h e  same quadrupole i s  given below. 

S e n s i t i v i t y  (ma/Torr) 

a = ( ex t r apo la t ed )  

It i s  seen t h a t  CCIS s e n s i t i v i t i e s  exceed those  of t h e  hot-cathode 

source  over  t h e  range of parameters i n v e s t i g a t e d ,  even though t h e  hot-cathode 

source  was operated a t  r e l a t i v e l y  h igh  emission c u r r e n t .  The s e n s i t i v i t y  

advantage i nc reases  wi th  atomic number; under low mass range opera t ing  condi- 

t i o n s ,  t h e  CCIS/hot-filament s e n s i t i v i t y  r a t i o  i nc reases  from 1 .5  t o  4 . 6  over  

t h e  mass range 4 amu t o  40 amu. Absolute s e n s i t i v i t i e s  range from a low of 

.064 mA/torr f o r  helium t o  a high of 1 . 2  mA/torr f o r  krypton and argon. The 

maximum s e n s i t i v i t y  v a r i a t i o n  wi th  p re s su re  f o r  any p a r t i c u l a r  gas is  a 

f a c t o r  of two over t h e  approximately two decades i nves t i ga t ed .  
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The s e n s i t i v i t y  v a r i a t i o n  w i th  mass is caused by v a r i a t i o n s  bo th  i n  t h e  

i on  t ransmiss ion  of t h e  quadrupole and i n  t h e  i o n i z a t i o n  e f f i c i e n c y  of t h e  

source.  The quadrupole manufacturer suppl ied  e l e c t r o n i c  means f o r  a d j u s t i n g  

r e l a t i v e  mass s e n s i t i v i t i e s  bu t  t h e s e  c o n t r o l s  were no t  i nves t i ga t ed .  

A cons iderab le  amount of e f f o r t  has  been put  i n t o  t h e  development of 

counting techniques f o r  very  low dens i ty  measurements. This e f f o r t  ha s  been 

i n  conjunct ion wi th  t h e  development of t h e  CCIS. The work is descr ibed  i n  

d e t a i l  by Torney, e t  a l ,  ( r e f .  8) and c o n s i s t s  p r imar i l y  of f i nd ing  t h e  

optimum means of  i nc reas ing  t h e  s i g n a l  t o  n o i s e  r a t i o s  of cu r r en t s  from 

e l e c t r o n  m u l t i p l i e r s  under condi t ions  of u l t r a  h igh  vacuum. The approach is  

t o  use  p u l s e  count ing techniques s o  t h a t  t h e  e f f e c t s  of ga in  change i n  h igh  

ga in  e l e c t r o n  m u l t i p l i e r s  is  l a r g e l y  e l imina ted  i n  making measurements of 

molecular number dens i ty .  Other ref inements ,  such a s  o f f s e t  m u l t i p l i e r s  t o  

reduce photon generated n o i s e  have a l s o  been i n v e s t i g a t e d .  The gene ra l  

program i s  descr ibed  below. 

The primary aim of t h e  i n v e s t i g a t i o n  i s  t o  improve t h e  r e l i a b i l i t y  of low 

p re s su re  measurements by improving t h e  o v e r a l l  s ignal- to-noise  (SIN) r a t i o  of 

both t o t a l  and p a r t i a l  p r e s su re  measuring devices .  A high ga in ,  low no i se ,  

e l e c t r o n  m u l t i p l i e r  i s  used i n  conjunct ion wi th  app rop r i a t e  i o n  counting 

c i r c u i t r y  t o  d i s c r imina t e  a g a i n s t  t h e  undesired no i se .  The cold-cathode ion  

source/quadrupole  mass f i l t e r  was employed a s  a  p a r t i a l  and t o t a l  p r e s su re  

measuring device  i n  t h e s e  i n v e s t i g a t i o n s .  The e l e c t r o n  m u l t i p l i e r  is  comrner- 

c i a l l y  a v a i l a b l e  a s  s t anda rd  equipment of t h e  quadrupole ana lyzer .  The output  

of t h e  m u l t i p l i e r  was r e a d i l y  adapted t o  a  commercial pu l se  counting i n s t r u -  

ment (nuclear  s c a l e r ) .  



The performance of t h e  spec t romete r  h a s  beer1 i i i v e s t i g a t e d  u s i n g  b o t h  d c  

c u r r e n t  and i o n  coun t ing  d e t e c t o r s  f o r  comparison and f o r  o t h e r  e x p e r i m e n t a l  

purposes  t o  b e  d e s c r i b e d  later.  The work program, which was l a r g e l y  exper i -  

mental  i n  c h a r a c t e r ,  has  t h e  fo l lowing  s p e c i f i c  o b j e c t i v e s :  

(1) To e v a l u a t e  t h e  i o n  s o u r c e - e l e c t r o n  m u l t i p l i e r  sys tem,  by 

measuring t h e  i o n  c u r r e n t  i n c i d e n t  upon t h e  cathode and t h e  

p u l s e  a r r i v a l  rate a t  t h e  anode and t o  de te rmine  t h e  i o n  a c c e l -  

e r a t i n g  v o l t a g e  r e q u i r e d  t o  o b t a i n  a  secondary e l e c t r o n  y i e l d  o f  

a t  l e a s t  one.  

(2)  To i n v e s t i g a t e  t h e  f e a s i b i l i t y  of app ly ing  p u l s e  h e i g h t  a n a l y s i s  

t echn iques  t o  d i s c r i m i n a t e  between p u l s e s  produced by ions  and 

t h o s e  produced by photons o r  s o f t  x-rays.  

(3 )  To de te rmine  t h e  maximum p r e s s u r e  t h a t  may b e  measured w i t h o u t  

s a t u r a t i n g  e i t h e r  t h e  e l e c t r o n  m u l t i p l i e r  o r  pulse-count ing 

c i r c u i t .  

(4)  To de te rmine  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  i o n  s o u r c e  - 

m a s s  f i l t e r  - p u l s e  coun t ing  system,  bo th  a s  t o t a l  and p a r t i a l  

p r e s s u r e  measuring d e v i c e s .  

(5) To s t u d y  t h e  performance of t h e  sys tem under extreme h i g h  vacuum 

c o n d i t i o n s  and t o  o b t a i n  c a l i b r a t i o n  d a t a  t o  as low a p r e s s u r e  

as p o s s i b l e .  

I o n  Counting Techniques - General  Cons idera t ions  

.-The b a s i c  p a r t i a l  p r e s s u r e  s e n s i t i v i t y  of modest r e s o l u t i o n  

M (m 100) r e s i d u a l  gas a n a l y z e r s  (RGA1s) l i e s  i n  t h e  range of 5 x loe4 t o  

I x low5 amperes p e r  t o r r  f o r  n i t r o g e n  (mass 2 8 ) .  Without t h e  a i d  of an 

e l e c t r o n  m u l t i p l i e r ,  such ins t ruments  a r e  l i m i t e d  t o  an  u l t i m a t e  p a r t i a l  
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p r e s s u r e  d e t e c t a b i l i t y  i n  t h e  realm of  2 x 10-l1 t o  1 x  lowS t o r r ,  n i t r o g e n ,  

assuming t h a t  t h e  minimum d e t e c t a b l e  i o n  c u r r e n t  i s  1. x amperes. The 

e l e c t r o n  m u l t i p l i e r  becomes an a b s o l u t e l y  e s s e n t i a l  p a r t  of t h e  d c  ana log  i o n  

d e t e c t o r ,  i f  improved s e n s i t i v i t y  and s / N  r a t i o  of t h e  i n s t r u m e n t  a r e  r e q u i r e d .  

It is g e n e r a l l y  recognized t h a t  t h e  s t a b i l i t y  of e l e c t r o n  m u l t i p l i e r s  i s  

inadequa te  t o  p r o v i d e  r e p r o d u c i b l e ,  q u a n t i t a t i v e  d a t a  u n l e s s  f r e q u e n t  g a i n  

measurements a r e  made. Manufacturers  of commercial RGA's r e p o r t  t h a t  a s h o r t -  

term r e d u c t i o n  i n  m u l t i p l i e r  g a i n  of a  f a c t o r  of t e n  o r  more i s  t y p i c a l  i n i -  

t i a l l y  and they recommend p e r i o d i c  g a i n  measurements f o r  g r e a t e r  r e l i a b i l i t y .  

Such i n s t r u m e n t s  a r e  now designed t o  p rov ide  a  s imple  and e x p e d i e n t  means of 

r o u t i n e l y  measuring t h e  g a i n .  S p e c i a l  connect ions  are provided f o r  measuring 

t h e  i o n  c u r r e n t  a t  t h e  f i r s t  dynode and f o r  measuring t h e  e l e c t r o n  c u r r e n t  out-  

put  of t h e  m u l t i p l i e r .  The g a i n  is r e a d i l y  measured provided t h a t  t h e  f i r s t  

dynode c u r r e n t  is  n o t  below t h e  d e t e c t a b i l i t y  l i m i t s  d i s c u s s e d  above. I f  

however, t h e  RGA i s  o p e r a t i n g  a t  ex t remely  low p r e s s u r e s ,  i t  i s  i m p o s s i b l e  t o  

measure t h e  g a i n  of t h e  m u l t i p l i e r  and t h e r e f o r e ,  t h e  s e n s i t i v i t y  o f  t h e  

spec t romete r  cannot  be  measured d i r e c t l y .  

I o n  coun t ing  t echn iques  o f f e r  a p o s s i b l e  s o l u t i o n  t o  t h i s  problem. A l l  

measurements a r e  made a t  t h e  o u t p u t  of t h e  m u l t i p l i e r ,  the reby  avo id ing  t h e  

d i f f i c u l t i e s  of measuring very  s m a l l  c u r r e n t s  a t  t h e  i n p u t .  The measurement 

invo lves  s imply t h e  o u t p u t  count ing r a t e  ( ions / second)  and t h e  o u t p u t  dc  

e l e c t r o n  c u r r e n t .  Assuming t h a t  t h e  d e t e c t o r  counts  a l l  i o n s  s t r i k i n g  t h e  

i n p u t  of t h e  m u l t i p l i e r ,  t h e  i n p u t  c u r r e n t  i s  s imply:  

Iin = e R  

where e = e l e c t r o n  charge (1 .6  x 10-'19 coulombs) and R i s  t h e  measured ion  

2 9 



count ing  r a t e  i n  i o n s / s e c .  Appropr ia te  c o r r e c t i o n  must b e  made f o r  m u l t i p l y =  

charged s p e c i e s .  For s i n g l y  charged s p e c i e s ,  t h e  g a i n  f o r  a  p a r t i c u l a r  mass 

becomes : 

where I. i s  t h e  ou tpu t  e l e c t r o n  c u r r e n t  i n  amperes. Th i s  measurement i n c l u d e s  

t h e  gain-dependancy of t h e  m u l t i p l i e r  on t h e  i o n i c  mass s i n c e  I. w i l l  depend 

on mass. 

Although i o n  coun t ing  t echn iques  o f f e r  t h e  impor tan t  advantage o f  g a i n  

measurement a t  t h e  o u t p u t ,  a number of o t h e r  advantages  may a l s o  r e s u l t  the re -  

from. 

Depending on c e r t a i n  n o i s e  f a c t o r s  l a r g e l y  determined by t h e  s p e c t r o -  

meter's i o n  s o u r c e ,  i t  is  p o s s i b l e  t o  d i s c r i m i n a t e  a g a i n s t  a  s u b s t a n t i a l  

p o r t i o n  of undes i red  n o i s e  by means of s imple  p u l s e  h e i g h t  d i s c r i m i n a t i o n .  

The S/N r a t i o  (compared t o  d c  d e t e c t o r s )  can be  improved by a f a c t o r  of 100 o r  

more. The degree  o f  improvement depends on t h e  t y p e  of i o n  source-analyzer  

and on t h e  d e t e c t o r  d e s i g n  and on e l e c t r o n  m u l t i p l i e r  c h a r a c t e r i s t i c s .  

The p r e s e n t  work i n d i c a t e s  t h a t  w i t h  t h e  ve ry  h i g h  gain/ low n o i s e  

m u l t i p l i e r s  r e c e n t l y  made a v a i l a b l e ,  i t  is  p o s s i b l e  t o  circumvent n e a r l y  a l l  

g a i n  i n s t a b i l i t y  i n  t h e  m u l t i p l i e r  (both. s h o r t  and long t e rm) .  Thus t h e  i o n  

count ing d e t e c t o r  n o t  on ly  can reduce t h e  u n c e r t a i n t i e s  i n  d e t e c t o r  g a i n ,  b u t  

shows promise of u l t i m a t e l y  complete ly  e l i m i n a t i n g  g a i n  dependance. 

I n  a d d i t i o n ,  t h e  use  of i o n  count ing t echn iques  e l i m i n a t e s  t h e  mass and 

charge dependancy of t h e  m u l t i p l i e r  s i n c e  t h e  d e t e c t o r  response  is  r e l a t e d  

only  t o  t h e  number of e v e n t s  and n o t  t h e  m/e r a t i o  of t h e  i o n s  and t o  t h e i r  

r e s p e c t i v e  momenta. While t h i s  f a c t  does n o t  pe rmi t  a  d i r e c t  one-to-one 

c o r r e l a t i o n  between observed coun t ing  r a t e  and p a r t i a l  p r e s s u r e ,  i t  does 

30 
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Counting d a t a  was t aken  w i t h  t h e  s imple  c o n f i g u r a t i o n  of standard 

n u c l e a r  s c a l i n g  equipment shown. The l i n e a r  p u l s e  h e i g h t  d i s c r i m i n a t o r  

inc luded  i n  t h e  non-overloading p u l s e  a m p l i f i e r  was used t o  o b t a i n  i n t e g r a l  

p u l s e  h e i g h t  d i s t r i b u t i o n  d a t a  f o r  s i g n a l  and n o i s e  and t o  a l s o  d i s c r i m i n a t e  

a g a i n s t  n o i s e .  

The coun t ing  equipment used h a s  a  r e l a t i v e l y  low frequency response  of 

LOO kHz. With f a s t e r  coun t ing  equipment t h e  range of coun t ing  r a t e s  can  

e a s i l y  b e  extended t o  t h e  o r d e r  o f  1 0  mHz. The l i m i t a t i o n  o f  t h e  p r e s e n t  

equipment t o g e t h e r  w i t h  o t h e r  e l e c t r o n i c  c o n s i d e r a t i o n s  such a s  r e s o l u t i o n  

l o s s  e t c . ,  w i l l  b e  d i s c u s s e d  s h o r t l y .  

Exper imental  R e s u l t s  

P r e l i m i n a r y  DC SIN r a t i o  s t u d i e s . - I t  h a s  been no ted  p r e v i o u s l y  t h a t  t h e  

i o n  d e t e c t o r  was a s imple  Faraday cup. I n  o r d e r  t o  o b t a i n  s u f f i c i e n t  charge  

g a i n  f o r  i o n  c o u n t i n g ,  a 14-s tage e l e c t r o n  m u l t i p l i e r  was i n s t a l l e d  a t  t h e  

beginning o f  t h i s  work. I n i t i a l  s t u d i e s  of SIN r a t i o  were begun on a  d c  b a s i s ,  

i . e . ,  t h e  o u t p u t  of t h e  e l e c t r o n  m u l t i p l i e r  was measured by an e l e c t r o m e t e r .  

These e a r l y  s t u d i e s  uncovered a  s o u r c e  of n o i s e  i n  t h e  o u t p u t  spectrum 

n o t  p r e v i o u s l y  encounte red .  F u r t h e r  i n v e s t i g a t i o n  e s t a b l i s h e d  t h a t  t h e  CCIS 

was t h e  predominant s o u r c e  of t h i s  background n o i s e  and t h e  n o i s e  c u r r e n t  was 

n e a r l y  l i n e a r l y  r e l a t e d  t o  t h e  anode p o t e n t i a l  of t h e  CCIS. 

I n  an e f f o r t  t o  uncover t h e  cause  of t h i s  n o i s e  a  number of p o t e n t i a l  

n o i s e  s o u r c e s  were cons idered  and i n v e s t i g a t e d .  Among t h e s e  was t h e  s t r o n g  

e l e c t r o n  f l u x  which was d i scovered  emerging from t h e  i o n  source  dur ing  e a r l i e r  

f e a s i b i l i t y  s t u d i e s ,  Photons a r e  a l s o  known t o  be  produced w i t h i n  t h e  d i s -  

charge .  Accordingly ,  an  experiment was performed t o  d e f i n e  whether  o r  n o t  t h e  

n o i s e  s o u r c e  was predominantly photons o r  charged p a r t i c l e s .  



It w i l l  be ~ e c a l l e d  t h a t  t h e  two Lon s o u r c e  cathodes  (Kl and K2)  a r e  

e l e c t r i c a l l y  i s o l a t e d  from t h e  grounded e n t r a n c e  a p e r t u r e  of t h e  quadrupole .  

Th i s  p e r m i t s  t h e  r e t a r d a t i o n  of i o n s  p r i o r  t o  t h e i r  e n t r a n c e  i n t o  t h e  quadru- 

p o l e .  It had been shown i n  t h e  development of t h e  c C I S / ~ u a d ,  t h a t  such retar- 

d a t i o n  i s  n e c e s s a r y  t o  ach ieve  optimum quadrupole  r e s o l u t i o n .  

As t h e  v a l u e  of t h e  r e t a r d a t i o n  p o t e n t i a l  (VR) was i n c r e a s e d  from z e r o  t o  

250 v o l t s ,  t h e  i o n  c u r r e n t  of a l l  mass peaks ,  i n c l u d i n g  t h e  "on b l a s t "  ( a l l  

i o n s  unreso lved  a t  M/e = 0 ) ,  dec reased  a s  a n t i c i p a t e d .  The b a s e l i n e  n o i s e  

c u r r e n t  however i n c r e a s e d .  For  t h i s  exper iment ,  a  n e g a t i v e  r e t a r d i n g  v o l t a g e  

was a p p l i e d  s imul taneous ly  t o  t h e  two CCIS ca thodes  (Kl and K2) s o  t h a t  t h e  

p o t e n t i a l  between t h e  e x i t  ca thode ,  K2 and quadrupole  e n t r a n c e  a p e r t u r e  

(grounded) i s  a  r e t a r d i n g  p o t e n t i a l  f o r  i o n s .  A t  t h e  same t i m e ,  t h e  t r u e  

anode-to-cathode p o t e n t i a l  of t h e  CCIS i s  i n c r e a s e d  by an  amount e q u a l  t o  

vR1 and t h e r e f o r e  t h e  n o i s e  c u r r e n t  a l s o  i n c r e a s e s .  Subsequent exper iments  

w e r e  conducted u s i n g  b o t h  p o s i t i v e  and n e g a t i v e  v a l u e s  of VR i n  t h e  range  of 

0  t o  500 v o l t s .  The t r u e  anode-to-cathode v o l t a g e  was h e l d  c o n s t a n t .  I n  

t h e s e  exper iments ,  no a p p r e c i a b l e  change i n  t h e  b a s e l i n e  n o i s e  v a l u e  was 

observed f o r  e i t h e r  p o s i t i v e  o r  n e g a t i v e  v a l u e s  of V 
R  ' 

S i n c e  t h e  n o i s e  l e v e l  was n o t  observed t o  change i n  response  t o  a  wide 

range of e x t e r n a l  f i e l d s  which a r e  b o t h  r e t a r d i n g  and a c c e l e r a t i n g  p o t e n t i a l s  

f o r  charged p a r t i c l e s ,  i t  is  concluded t h a t  t h e  n o i s e  s o u r c e  i s  l a r g e l y  photons 

produced w i t h i n  t h e  i o n  s o u r c e  p r o p e r .  These photons t h e n  a r e  t r a n s m i t t e d  

a long  t h e  a x i s  of t h e  quadrupole  and subsequen t ly  s t i m u l a t e  t h e  f i r s t  dynode 

of t h e  m u l t i p l i e r .  

An a t t e m p t  was made t o  reduce t h e  photon background w i t h i n  t h e  s o u r c e  

based upon a  very simple assumption.  It was postulated t h a t  s o f t  x-rays 



might be  produced by e n e r g e t i c  e l e c t r o n s  w i t h i n  t h e  d i s c h a r g e .  These 

e l e c t r o n s ,  upon s t r i k i n g  t h e  b l u n t  end of t h e  cathode s t u b ,  would produce 

x-ray photons v i s i b l e  from t h e  m u l t i p l i e r  end of t h e  a n a l y z e r ,  s i n c e  t h e  end 

of t h e  s t u b  f i l l s  t h e  major p o r t i o n  of t h e  cathode e x i t  a p e r t u r e  a s  s e e n  by 

t h e  m u l t i p l i e r .  Consequently,  t h e  s t u b  of K1 was removed and r e p l a c e d  by a  

th in -wal led  t u b e  of t h e  same d iamete r  and l e n g t h  a s  t h e  s t u b .  I n  t h i s  conf ig-  

u r a t i o n  t h e  m u l t i p l i e r  "sees"  o n l y  t h e  small annulus  of t h e  s t u b  a r e a .  I n  t h e  

r e s u l t a n t  exper iment ,  t h e  o p e r a t i n g  and vacuum c o n d i t i o n s  were mainta ined a s  

c l o s e  t o  t h e  p rev ious  c o n d i t i o n s  as p o s s i b l e .  The r e s u l t s  a r e  shown i n  

f i g u r e  1 4 .  This  f i g u r e  shows t h e  observed b a s e l i n e  c u r r e n t  i s  no l o n g e r  

d i s c e r n a b l e  (< 1 x 10-l4  amperes) ,  under c o n d i t i o n s  s i m i l a r  t o  t h o s e  of t h e  

s o l i d  s t u b .  Moreover, t h e r e  is no apparen t  i n c r e a s e  i n  t h i s  background a s  t h e  

t r u e  anode v o l t a g e  i s  i n c r e a s e d  (VR i n c r e a s i n g ) .  

The p r e s e n t  s p e c u l a t i o n  is t h a t  t h e  photons a r e  n o t  s o f t  x-rays r e s u l t i n g  

from e l e c t r o n  impacts  b u t  a r e  probably  i d e n t i c a l  t o  t h e  photons observed and 

photographed by Feakes ,  e t  a l .  ( r e f .  9 ) .  Perhaps ,  by modifying t h e  cathode 

s t u b ,  t h e  v i s i b l e  cathode glow i s  prevented from e s t a b l i s h i n g  i t s e l f  around 

t h e  end of t h e  s t u b  and t h e  r e s u l t a n t  l i g h t  surrounds o n l y  t h e  o u t e r  s u r f a c e  

of t h e  t u b u l a r  s t u b .  Only a  s m a l l  p o r t i o n  of t h i s  glow would b e  v i s i b l e  t o  

t h e  m u l t i p l i e r  because  t h e  d iamete r  of t h e  t u b u l a r  s t u b  and i o n  e x i t  a p e r t u r e  

a r e  n e a r l y  i d e n t i c a l .  

With t h e s e  i n v e s t i g a t i o n s  t h e  p r e l i m i n a r y  dc  S /N r a t i o  s t u d i e s  were con- 

c luded .  The u n i t  was t h e n  s e t  up f o r  i o n  count ing s t u d i e s  i n  accordance w i t h  

t h e  b l o c k  diagram p r e v i o u s l y  shown. 

.-The i n i t i a l  phase of t h e  i o n  coun t ing  i n v e s t i g a -  

t i o n s  c e n t ~ r e d  on a s t u d y  of s i g n a l  and n o i s e  p u l s e  h e i g h t  d i s t r i b u t i o n  curves 



of t h e  i n t e g r a l  t y p e  exp la ined  i n  t h e  p rev ious  s e c t i o n ,  During t h e s e  experx- 

m e r i t s ,  t h e  C C I S  anode v o l t a g e  was mainta ined a t  v a l u e s  of 1000 v o l t s  o r  l e s s ,  

The ca thode  s t u b  of K was s o l i d ,  w i t h  a  rounded t i p  a s  no ted  p r e v i o u s l y .  a 
Th is  was l a t e r  removed and t h e  t u b u l a r  s t u b  s u b s t i t u t e d .  A magnet of 850 gauss  

was used ,  and t h e  mass s p e c t r a  of t h e  sys tem r e s i d u a l  gases  were used f o r  s t u d y  

purposes .  T y p i c a l l y ,  t h e  u l t i m a t e  sys tem t o t a l  p r e s s u r e  was i n  t h e  low 10- 11 

t o r r  ( n i t r o g e n )  range ,  u n l e s s  i n d i c a t e d  o therwise .  The predominant r e s i d u a l  

gases  p r e s e n t  were H CO,  and CO w i t h  s m a l l e r  amounts of He, CH (methane 2 ' 2  4 

s e r i e s ) ,  neon and argon.  No r e s i d u a l  c o n s t i t u e n t s  were observed above mass 44 

(C02) and t h e r e f o r e ,  n o i s e  measurements were made a t  mass 50.  The e l e c t r o n  

m u l t i p l i e r  was o p e r a t e d  n e a r  -2700 v o l t s ,  a  v a l u e  s l i g h t l y  l e s s  than  t h e  

recommended one of -3000 v o l t s  (wi th  r e s p e c t  t o  ground) .  The non-overloading 

a m p l i f i e r  g a i n  c o n t r o l s  were s e t  a r b i t r a r i l y  t o  produce i o n  count ing r a t e s  of 

t h e  o r d e r  o f  104 t o  lo5  coun ts  pe r  minute  f o r  t h e  a rgon  (mass 40) peak.  

The major purpose  of t h e s e  e a r l y  i n v e s t i g a t i o n s  was t o  l e a r n  more of t h e  

p u l s e  h e i g h t  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  of s i g n a l  ( i o n )  and n o i s e  p u l s e s .  

I f  t h e  two d i s t r i b u t i o n  curves  a r e  e s s e n t i a l l y  t h e  same f u n c t i o n  w i t h  t h e  same 

p u l s e  ampl i tude ,  d i s c r i m i n a t i o n  a g a i n s t  n o i s e  on an ampl i tude b a s i s  

would b e  imposs ib le  w i t h o u t  i n c u r r i n g  a  s i m i l a r  d i s c r i m i n a t i o n  a g a i n s t  s i g n a l  

p u l s e s .  B r i e f l y  t h e n ,  t h e  S/N r a t i o  would be  independent  of d i s c r i m i n a t o r  

s e t t i n g .  On t h e  o t h e r  hand,  i f  t h e  average s i g n a l  p u l s e  ampl i tude i s  l a r g e r  

t h a n  t h e  average n o i s e  p u l s e ,  some ampli tude d i s c r i m i n a t i o n  i s  p o s s i b l e .  It 

is  assumed i n  t h i s  c a s e  t h a t  t h e  d i s t r i b u t i o n  curves  of s i g n a l  and n o i s e  are 

s i m i l a r .  F i n a l l y ,  i f  t h e  average p u l s e  h e i g h t s  of s i g n a l  and n o i s e  i s  s i g n i f i -  

c a n t l y  d i f f e r e n t  ( s i g n a l  > n o i s e )  & t h e  d i s t r i b u t i o n  of n o i s e  p u l s e  h e i g h t s  



is  narrower t han  t h e  s i g n a l  d i s t r i b u t i o n ,  t h e  S / N  r a t i o  w i l l  i n c r e a s e  a s  the  

d i sc r imina to r  amplitude l e v e l  is  increased .  

.-The CCIS has  four  ope ra t i ng  

parameters which a f f e c t  t h e  instrument  SIN r a t i o .  These parameters a r e :  

(1)  Ion Re ta rda t ion  Voltage 

( 2 )  Anode Voltage 

(3 )  Magnetic F i e l d  

(4 )  To ta l  Pressure  w i th in  t he  Ion Source. 

The e f f e c t  of each of t h e s e  v a r i a b l e s  on SIN r a t i o  has been s tud i ed  individu-  

a l l y  and i n  combination wi th  one another  and t h e  r e s u l t s  a r e  summarized i n  t h e  

fol lowing paragraphs.  

Counting SIN r a t i o  v s .  i o n  r e t a r d a t i o n  vo l t age :  It has been shown t h a t  

t h e  dc and counting n o i s e  l e v e l  is  independent of t h e  i o n  r e t a r d a t i o n  vo l t age .  

The s i g n a l  i s ,  however, d i r e c t l y  dependent thereon.  

Counting SIN r a t i o  v s .  anode vo l t age :  A d i s t i n c t  maximum is  observed i n  

t h e  SIN r a t i o  due t o  t h e  combined e f f e c t s  of VR and VA. The s i g n a l  counting 

r a t e  and S/N r a t i o  decrease  very r a p i d l y  f o r  anode vo l t ages  < 1000 v o l t s  

because t h e  chosen va lue  of VR (-100 v o l t s )  accentua tes  t h e  d e c l i n e  i n  

s e n s i t i v i t y  due t o  t h e  r e t a r d i n g  process .  Above 1800 v o l t s  t h e  s e n s i t i v i t y  of 

t h e  source  begins  t o  s a t u r a t e ,  whereas photon n o i s e  i s  s t i l l  i nc reas ing  

r ap id ly .  Thus, we s e e  t h a t  when t h e  combined e f f e c t s  of both VR and VA a r e  

examined t h a t  t h e  count ing S / N  r a t i o  appears  t o  b e  maximum a t  a  considerably 

higher  anode p o t e n t i a l  and a  h igher  s e n s i t i v i t y  than expected. 

In  b r i e f ,  the  anode vo l t age  f o r  an optimum trade-off  of s e n s i t i v i t y  and 

SIN r a t i o  appears  t o  be  very  nea r ly  1000 v o l t s .  While t h e  SIN r a t i o  m y  be  

l a r g e r  a t  500 v o l t s  and ze ro  r e t a rd ing  vo l t age ,  t h e  s e n s i t i v i t y  reduc t ion  is 



not  t o l e r a b l e ,  The improved s e n s i t i v i t y  a t  LUUU v o l t s  is c e r t a i n l y  worth  Ehe 

s m a l l  r e d u c t i o n  i n  S/N r a t i o ,  

: The g e n e r a l  performance of t h e  

i o n  coun t ing  d e t e c t o r  and t h e  s p e c t r o m e t e r  have been i n v e s t i g a t e d  a s  a  f u n c t i o n  

o f  magnet ic  f i e l d .  I n  t h i s  work, two magnets were used which were p h y s i c a l l y  

t h e  same b u t  were d i f f e r e n t  i n  f i e l d  s t r e n g t h .  One magnet was 850 gauss  and 

t h e  o t h e r  was 1133. The f i e l d  s t r e n g t h  i s  measured a t  t h e  c e n t e r  of t h e  

magnet 's  a x i a l  h o l e .  

Although i t  h a s  been shown t h a t  t h e  s t r a y  magnet ic  f i e l d  a s s o c i a t e d  w i t h  

t h e  s t r o n g e r  magnet does a f f e c t  m u l t i p l i e r  g a i n ,  t h e  S /N  r a t i o  f o r  t h e  same 

v a l u e  o f  n o i s e  ( 1  c p s )  and t h e  coun t ing  e f f i c i e n c y  are no t  s i g n i f i c a n t l y  

changed. T h e r e f o r e ,  t h e  s t r o n g e r  magnet was used d u r i n g  a l l  subsequent  

i n v e s t i g a t i o n s .  

Counting performance v s .  t o t a l  p r e s s u r e :  The l a s t  remaining s o u r c e  

parameter  t o  i n f l u e n c e  i o n  coun t ing  performance i s  t h e  p r e s s u r e  of g a s  w i t h i n  

t h e  i o n  s o u r c e .  

It h a s  a l r e a d y  been no ted  t h a t  background photon n o i s e  i n  t h e  i o n  s o u r c e  

is  dependent on t h e  t o t a l  "pressure"  w i t h i n  t h e  i o n  source .  A c t u a l l y ,  t h e  

i n t e n s i t y  of t h e  photon emiss ion  is  r e l a t e d  t o  t h e  t o t a l  i o n i z a t i o n  o c c u r r i n g  

w i t h i n  t h e  d i s c h a r g e .  T h i s ,  i n  t u r n ,  i s  r e l a t e d  t o  t h e  number d e n s i t y  of each 

s p e c i e s  p r e s e n t  and t o  t h e  i o n i z a t i o n  e f f i c i e n c y  o f  each s p e c i e s .  It i s  

p a r t i c u l a r l y  impor tan t  t o  r e c a l l  t h e s e  f a c t s  i n  t h e  c a s e  of t h e  p r e s e n t  d i s -  

c u s s i o n s ,  because  i f  t h e  r e l a t i v e  abundance of t h e  s p e c i e s  change a s  t h e  

t o t a l  p r e s s u r e  changes,  t h e  e f f e c t  on t h e  n o i s e  l e v e l  w i l l  be twa-fold;  the  

n o i s e  w i l l  b e  dependant on b o t h  t o t a l  p r e s s u r e  and on t h e  s p e c i e s .  TQ inves-  

t i g a t e  t h e  r e l a t i o n s h i p  between photon n o i s e  r a t e  and s o u r c e  p r e s s u r e ,  ~..3 



exper iment  was planned which would r e l a t e  t h e  n o i s e  r a t e  t o  t h e  i o n  c u r r e n t  

measured a t  cathode K1 (LKl)>his c u r r e n t  i s  r e l a t e d  t o  t h e  i o n  p roduc t ion  

r a t e  w i t h i n  t h e  d i s c h a r g e .  However, d i f f i c u l t i e s  were encountered i n  t h e  form 

of an  e x c e s s i v e  l eakage  c u r r e n t  a t  t h e  Kl t e r m i n a l .  Th i s  c u r r e n t  was l a r g e r  

t h a n  t h e  corresponding IK1 c u r r e n t s  a t  t h e  lowest  p r e s s u r e s  used i n  t h e  

i n v e s t i g a t i o n  ( 3  x 10- l2  t o r r ) .  As t h e  p r e s s u r e  w a s  i n c r e a s e d  w i t h i n  t h e  i o n  

s o u r c e ,  IK1 g r a d u a l l y  became l a r g e  enough t o  measure b u t  a t  t h i s  p o i n t ,  t h e  

photon coun t ing  r a t e  became t o o  l a r g e  t o  measure on t h e  coun t ing  equipment. 

Maximizing d e t e c t o r  SIN.-The o p e r a t i n g  c o n d i t i o n s  of t h e  e l e c t r o n  

m u l t i p l i e r  a l s o  i n f l u e n c e  t h e  o v e r a l l  SIN r a t i o  achieved by t h e  ins t rument .  

Of e q u a l  importance i s  t h e  c o l l e c t i o n  e f f i c i e n c y  of t h e  d e t e c t o r  s i n c e  t h i s  

e f f e c t s  t h e  s e n s i t i v i t y  of t h e  i n s t r u m e n t .  

I n  summary, t h e  fo l lowing  o b s e r v a t i o n s  have been made r e g a r d i n g  

maximizing t h e  i o n  d e t e c t o r  SIN r a t i o :  

(1)  The secondary emiss ion r a t i o ,  y is  impor tan t  i n  de te rmin ing  

SIN r a t i o ,  b u t  t h e  l i m i t a t i o n s  on improvement by i n c r e a s i n g  y 

a r e  predominantly e l e c t r o n i c  i n  n a t u r e .  

(2)  The most important  i n c r e a s e  i n  SIN r a t i o  should b e  t h e  r e s u l t  

of l o c a t i n g  t h e  m u l t i p l i e r  o f f - a x i s  s o  t h a t  i t  i s  "bl ind"  t o  

photons.  C a r e f u l  d e s i g n  i s  important  i n  o r d e r  t o  ach ieve  h i g h  

i o n  c o l l e c t i o n  e f f i c i e n c y  f o r  a l l  masses. 

(3 )  The s e n s i t i v i t y  o f  t h e  d e t e c t o r  t o  random g a i n  changes i n  t h e  

m u l t i p l i e r  i s  much reduced by t h e  u s e  o f  coun t ing  t echn iques .  

Conclusions  

The u s e  of count ing t echn iques  promises major improvements i n  S/N r a t i o ,  

d e t e c t o r  s t a b i l i t y  and measurement accuracy of U W  t o t a l  and p a r t i a l  pressrxre 



measuring instruments. Although the present arrangement Is not optimum, it 

has been shown that a detector can be operated with counting and collection 

efficiencies approaching 100%. These efficiencies have been achieved using 

an in-line quadrupole analyzer-detector system which represents a non-ideal 

situation for photon noise background rejection. For a magnetic sector 

anaiyzer with its excellent noise and signal geometrical separation, the 

technique may be applied immediately to improve stability and S I N  ratio. For 

axial-aligned r-f analyzers such as time-of-flight and quadrupole instruments, 

the photon background should be reduced by using an electrostatic deflector 

together with an off-axis multiplier to divert and deflect the ions. These 

techniques have already been applied to dc current detectors. 

Finally, ion counting techniques may also be employed to continuously 

monitor the gain of the electron multiplier in conventional dc ion detectors 

if the latter type of detector is preferable for routine analysis. 



11, I N S T R W N T  DEVELOPmNT SYSTEMS 

The s u c c e s s  of t h e  gage development program a t  LRC h a s  been due i n  large 

p a r t  t o  t h e  e x t e n s i v e  t e s t  f a c i l i t i e s  t h a t  have been developed f o r  use  i n  

u l t r a  h i g h  vacuum exper iments .  While t h e  l a b o r a t o r y  c o n t a i n s  many g e n e r a l  

vacuum s y s t e m s ,  i t  i s  t h e  sys tems e s p e c i a l l y  des igned  f o r  gage development 

t h a t  have p e r m i t t e d  t h e  g r e a t e s t  c o n t r i b u t i o n s  t o  b e  made. I n  t h e  fo l lowing  

s e c t i o n ,  t h r e e  of t h e s e  sys tems w i l l  b e  d e s c r i b e d .  While t h e  systems d i f f e r  

i n  many r e s p e c t s ,  t h e y  have two f e a t u r e s  i n  common: (1) They were e s p e c i a l l y  

des igned f o r  vacuum gage development, ( 2 )  t h e y  can reach  t h e  10-l3 t o r r  r ange  

o r  lower.  

The f i r s t  of t h e  sys tems t o  b e  d e s c r i b e d  i s  t h e  s i m p l e s t  of t h e  sys tems ,  

and is  used f o r  g e n e r a l  and " f i r s t  experiment" work when i t  is  d e s i r e d  t o  be 

a b l e  t o  i n s t a l l  and remove gages e a s i l y .  The system i s  shown i n  f i g u r e  1 5  

w i t h  a number of gages i n s t a l l e d ,  i n c l u d i n g  some of t h e  e a r l y  double  ended 

models of t h e  b u r i e d  c o l l e c t o r  gage. The system i s  a l s o  shown s c h m e t i c a l l y  i n  

f i g u r e  16 and i s  an  improved v e r s i o n  of t h e  sys tem r e p o r t e d  by Outlaw ( r e f .  4 ) .  

The system uses  a combination o f  tu rbomolecu la r ,  i o n  and t i t a n i u m  s u b l i m a t i o n  

pumping. I n  a  t y p i c a l  p rocedure ,  t h e  turbomolecular  pump i s  used a s  a 

roughing pump down t o  1 x lo-' t o r r  where bakeout ,  a t  t empera tu re  up t o  300°c, 

a r e  begun. Turbomolecular pumping i s  cont inued throughout  t h e  bake c y c l e .  

A f t e r  bakeout ,  t h e  turbomolecular  pump is  i s o l a t e d  from t h e  system and 

f u r t h e r  pumping is  done by i o n  pump and LN2 shrouded t i t a n i u m  s u b l i m a t i o n .  

The d e p o s i t i o n  p e r  f i l a m e n t  f l a s h  ( 1  minute a t  45 amps) i s  approximately 

2 2 x grams/cm . This  g i v e s ,  f o r  t h e  sys tem,  a pumping speed of approxi-  

mately 1000 l i t e r s / s e c ,  f o r  hydrogen, and corresponding speeds  f o r  o t h e r  

gases. The i o n  pump supplements t h e  pmnlp-ing for gases no t  r e s d i l y  punrped by  
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t i t a n i u m .  F igure  17  i s  a  t y p i c a l  pump down curve f o r  t h e  sys tem.  Bake t ime  

i s  v a r i a b l e  and is  determined by t h e  amount of H20 remaining i n  t h e  sys tem a s  

measured by RGA. A f t e r  r e a c h i n g  low p r e s s u r e s  t h e  sys tem i s  k e p t  down by 

f l a s h i n g  t h e  t i t a n i u m  f i l a m e n t s  as needed. It h a s  been found n e c e s s a r y  t o  

s u b l i m a t e  (45 amps f o r  1 minute) once e v e r y  24 hours  f o r  p r e s s u r e  i n  t h e  

10-lo t o r r  r a n g e ,  b u t  f o r  p r e s s u r e s  below 1 x 10-l1 t o r r ,  once every  7 2  hours  

i s  s u f f i c i e n t .  

The second sys tem t o  b e  d e s c r i b e d  is shown i n  f i g u r e  18.  This  sys tem i s  

much more complex t h a n  t h e  p rev ious  sys tem as can  b e  s e e n  from t h e  schemat ic  

view shown i n  f i g u r e  19. The system i s  a t r i p l e  w a l l e d  sys tem w i t h  t h e  o u t e r  

w a l l  a c t i n g  a s  a  guard vacuum and s t r u c t u r a l  s z p p o r t .  The second w a l l  i s  a  

LN2 l i n e r  and p rov ides  a  vacuum and the rmal  b a r r i e r  f o r  t h e  i n n e r  chamber. 

The i n n e r  chamber w a l l  i s  3 mm t h i c k  copper which forms a  working volume 46 

cm i n  d iamete r  and 6 1  cm i n  l e n g t h .  Pumping i s  through a  p o r t  1 3  cm i n  diame- 

t e r  i n  one end of t h e  chamber. Th i s  p o r t  i s  a  k n i f e  edge o r i f i c e  s o  t h a t  t h e  

conductance i s  a c c u r a t e l y  known. With a  known f low r a t e  of H e  gas i n t o  t h e  

chamber, and t h e  e x i t  f low r a t e  known, t h e  p r e s s u r e  i n  t h e  chamber can b e  

a c c u r a t e l y  e s t a b l i s h e d .  Helium gas  i s  used f o r  exper iments ,  s i n c e  t h e  working 

chamber is cooled by gaseous He t o  a s  low a s  1 0 ° ~ ,  and gases  o t h e r  t h a n  H e  a r e  

pumped by t h e  chamber w a l l s .  F igure  20 i s  an  i n t e r n a l  view of t h e  sys tem 

showing t h e  working chamber w i t h  t h e  gage mounts and t h e  e l e c t r i c a l  feed- 

throughs.  Also,  a t  t h e  back of t h e  work chamber may b e  s e e n  t h e  i o n  s o u r c e  of 

a  quadrupole  mass spec t romete r .  

A t y p i c a l  pump down curve  i s  shown i n  f i g u r e  21. T o t a l  t ime f r o m  s t a r t  

up t o  b a s e  p r e s s u r e ,  i n c l u d i n g  bake-out t ime ,  i s  of t h e  o r d e r  of 1 6  h o u r s *  

Althotrgh base pressures i n  t he  work ing  chamber a re  t o r r  o r  below, exper- 



iments  are l i m i t e d  t o  t h e  10-l~ t o r r  range t o  avoid  background g a s e s  and due 

t o  l i m i t a t i o n s  i n  t h e  accuracy of t h e  gas  in f low measuring d e v i c e s .  The back- 

ground p r e s s u r e  is  given as below 10- l4  t o r r  s i n c e  a l l  gages s o  f a r  t r i e d  

reach  t h e i r  x-ray l i m i t s  o r  e x t i n g u i s h  ( i n  t h e  c a s e  of t h e  Redhead gage,  

r e a d i n g s  of 2  x 10-14 t o r r  were o b t a i n e d  which appeared t o  b e  a background 

c u r r e n t ,  b u t  t h e r e  was ev idence  t h a t  t h e  gage was o p e r a t i n g )  a t  chamber w a l l  

t empera tu res  of 15-200K, whereas t h e  f i n a l  chamber t empera tu re  reaches  1 0 ° ~ .  

The t h i r d  sys tem is a molecular  beam system shown i n  f i g u r e  22. Again 

t h e  m u l t i p l e  w a l l  approach i s  used ,  proceeding from t h e  o u t e r  s t r u c t u r a l  w a l l ,  

an LN2 l i n e r ,  a  gaseous H e  l i n e r ,  and f i n a l l y  t o  t h e  LHe working chamber. 

F igure  23 i s  a  s i m p l i f i e d  schemat ic  drawing of t h e  system. Shown a r e  t h e  

e s s e n t i a l  p a r t s  needed t o  d e s c r i b e  t h e  b a s i c  o p e r a t i o n  of t h e  system. A pres -  

s u r e  i n  (2)  i s  measured by a primary s t a n d a r d  (1)  whose c a l i b r a t i o n  i s  t r a c e -  

a b l e  t o  t h e  N a t i o n a l  Bureau of S tandards .  From (2) t h e  gas b l e e d s ,  i n  molec- 

u l a r  f low,  through a  c a l i b r a t e d  porous p lug  (3)  i n t o  a  molecular  f u r n a c e  ( 4 ) .  

The t empera tu re  o f  t h i s  f u r n a c e  is  c a r e f u l l y  c o n t r o l l e d  s o  t h a t  t h e  d e n s i t y  of 

t h e  gas  may b e  a c c u r a t e l y  c a l c u l a t e d .  A d i f f u s e  gas  i s s u e s  from t h e  near-  

p e r f e c t  o r i f i c e  (8) i n  a  c o s i n e  d i s t r i b u t i o n .  The c o r e  of t h i s  gas e f f u s i o n  

(9)  proceeds  down t h e  work t u n n e l  as a molecular  beam, t h e  remainder of t h i s  

gas be ing  removed by LHe cooled s t r i p p e r s .  (As opposed t o  t h e  o p e r a t i o n  of 

t h e  XHV system,  t h e  working gas is n o t  Helium, s o  t h a t  i t  w i l l  b e  pumped by 

t h e  LHe s u r f a c e s ) .  A gage,  mounted a t  (12) i s  thus  exposed t o  t h e  molecu la r  

beam of gas  where d e n s i t y  i s  known t o  w i t h i n  25%. The background p r e s s u r e  i n  

t h e  working chamber may be  ignored  f o r  exper iments  down t o  t h e  10-l4 t o r r  

range due t o  t h e  h i g h  c a p t u r e  p r o b a b i l i t y  of t h e  LHe s u r f a c e  f o r  t e s t  g a s e s  

such a s  nitrogen and argon, Figure 24 shown the furnace with its o r i f i c e -  
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Figure  25  shows t h e  mounting arrangement of t h e  f u r n a c e  on to  t h e  system: It 

can b e  shown t h a t  t h e  d e n s i t y  o f  t h e  beam i s :  

where : qb = molecular  d e n s i t y  of beam 

ra = r a d i u s  of f u r n a c e  e x i t  o r i f i c e ,  cm 

R = d i s t a n c e  between o r i f i c e  and gage,  cm 

I' f  
= molecu la r  d e n s i t y  of f u r n a c e  

The d iamete r  of t h e  beam a t  t h e  gage s t a t i o n  (12) is such t h a t  a nude 

gage i s  complet ly  w i t h i n  t h e  beam. However, f o r  a t u b u l a t e d  gage a c o r r e c t i o n  

needs t o  b e  made due t o  r e s t r i c t i o n  and conductance of t h e  gage t u b u l a t i o n .  

The exper iments  w i t h  t u b u l a t e d  gages are t h e r e f o r e  c a r r i e d  o u t  w i t h  t h e  gages 

i n  a the rmal  e q u i l i b r i u m  e n c l o s u r e  ( f i g .  26) .  The mounting arrangement of t h e  

e n c l o s u r e  on to  t h e  chamber is  shown i n  f i g u r e  27 .  The s t e a d y  s t a t e  molecular  

d e n s i t y  i n  t h e  gage e n c l o s u r e  may b e  shown t o  be  

where : e 
= molecu la r  d e n s i t y  i n  e n c l o s u r e  

- 
V = average molecular  speed i n  f u r n a c e ,  cm p e r  s e c .  f  
- 
Ve = average molecular  speed i n  e n c l o s u r e ,  cm p e r  s e c .  

ra = r a d i u s  of fu rnace  o r i f i c e ,  cm 

re = r a d i u s  of e n c l o s u r e  o r i f i c e ,  cm 

R = d i s t a n c e  between o r i f i c e s ,  cm 

n f  = molecular  d e n s i t y  i n  e n c l o s u r e  



The d e r i v a t i o n  of this and t h e  p rev ious  e q u a t i o n  may b e  found i n  t h e  paper  by 

Smith ( r e f ,  10), 

By u s i n g  two p o s i t i o n s  of gage mounting,  and by v a r y i n g  t h e  s o u r c e  p res -  

s u r e ,  t h e  range of known d e n s i t y ,  w i t h i n  25%, is  from 5 x  10-13 t o  2 x 

t o r r  wi thou t  t h e  e n c l o s u r e ,  and 2 x  10-lo t o  2 x  lom6 t o r r  w i t h  t h e  gage enc lo -  

s u r e .  The upper l i m i t  of u s e  i n  f i x e d  by molecular  f low c o n s i d e r a t i o n s ,  and 

t h e  lower l i m i t  is determined by t h e  accuracy  o f  t h e  primary s t a n d a r d  used t o  

measure upstream p r e s s u r e .  If  t h e  requirement  t o  t 5  p e r c e n t  accuracy i s  

r e l a x e d ,  then  t h e  sys tem may b e  used i n t o  t h e  low 10-l4 t o r r  r ange .  



111, CALIEKATION FACILITIES 

It must b e  recognized  t h a t  t h e  b e s t  measurement t e c h n i q u e s ,  advanced 

gages ,  and e l a b o r a t e  development programs a r e  made r e l a t i v e l y  u s e l e s s  u n l e s s  

adequate  c a l i b r a t i o n  f a c i l i t i e s  a r e  a v a i l a b l e .  It i s  u n f o r t u n a t e  t h a t  t h e  

vacuum a r e a  s u f f e r s  from a  l a c k  of primary s t a n d a r d s ,  and t h a t  secondary ,  o r  

r e l a t i v e ,  s t a n d a r d s  must b e  used over  a  p o r t i o n  of t h e  r a n g e ,  w i t h  t h e  lower 

end hav ing  no s t a n d a r d s  a t  a l l .  Th is  l a c k  of s t a n d a r d s  h a s  been recognized  

by LRC f o r  s e v e r a l  y e a r s  as one of t h e  major problems i n  vacuum measurements. 

Accordingly ,  c o n s i d e r a b l e  e f f o r t  has  been made t o  p r o v i d e  in-house c a l i b r a t i o n  

f a c i l i t i e s ,  and t o  s u p p o r t  b o t h  in-house and c o n t r a c t  e f f o r t s  t o  improve,  

extend t h e  r a n g e ,  and develop new s t a n d a r d s .  

Two major f a c i l i t i e s  have been provided f o r  in-house c a l i b r a t i o n  work. 

Both sys tems a r e  based on f low d i v i s i o n  and Knudsen f low l a w s  t o  p r o v i d e  ' 

r e p e a t a b l e  working s t a n d a r d s .  Even though i t  must b e  recognized t h a t  t h i s  

approach i s  n o t  y e t  a c c e p t a b l e  as a primary s t a n d a r d ,  t h e  method prov ides  a  

r e p e a t a b l e  working s t a n d a r d .  The more advanced of t h e  two systems i s  t h e  

molecular  beam system p r e v i o u s l y  d e s c r i b e d .  While n o t  o r i g i n a l l y  in tended  t o  

be  used a s  a  c a l i b r a t i o n  f a c i l i t y ,  i ts  u s e f u l n e s s  i n  t h i s  a r e a  h a s  l e d  t o  t h e  

adop t ion  of t h e  sys tem f o r  gage c a l i b r a t i o n  work from 10-lo t o  10-l3 t o r r .  

The f a c t  t h a t  t h e  molecular  beam can o p e r a t e  i n  t h e  lom7 range p rov ides  an  

o v e r l a p  w i t h  t h e  o t h e r  sys tem which o p e r a t e s  a s  low a s  loe9 t o r r .  The p r i n c i -  

p l e  sys tem o p e r a t e s  over  t h e  range  of 1 x l ov4  t o  1 x t o r r  w i t h  a 

maximum e r r o r  of l e s s  t h a n  +6 p e r c e n t .  

Th i s  sys tem ( f i g .  28) c o n s i s t s  of a  gas f low r a t e  g e n e r a t i n g  and measure- 

ment flowmeter and vacuum system t o  which t h e  gages t o  be  c a l i b r a t e d  are 

a t t a c h e d ,  The vacuum system c o n s i s t s  of two chambers; a gas Elow d l v i d e r  

45 



chamber and a gage c a l i b r a t i o n  chamber, w i t h  each chamber b e i n g  pumped by a 

5 0 0 - l i t e r / s e c o n d  i o n  pump and a  t i t a n i u m  s u b l i m a t i o n  pump. I n  a d d i t i o n ,  t h e  

gage c a l i b r a t i o n  chamber is pumped by a l i q u i d  n i t r o g e n  c r y o s u r f a c e  on to  

which t i t a n i u m  vapor  is  d e p o s i t e d  f o r  i n c r e a s e d  pumping e f f i c i e n c y .  O r i f i c e s  

(shown i n  t h e  schemat ic  drawing a t  1 and 3 of f i g .  29) p rov ide  f o r  a  c o n s t a n t  

v o l u m e t r i c  rate of gas  removal from t h e  chambers i n t o  t h e  pumping systems.  

The o r i f i c e  a t  4 i n t r o d u c e s  a p r e s s u r e  a t t e n u a t i o n  between t h e  flow d i v i d e r  

chamber and t h e  gage c a l i b r a t i o n  chamber. 

- 7 To perform vacuum gage c a l i b r a t i o n s  i n  t h e  range  of 2  x 10 t o  1 x 

t o r r  gas  is  a d m i t t e d  d i r e c t l y  i n t o  t h e  gage c a l i b r a t i o n  chamber through t h e  

flow d i v i d e r  chamber bypass .  The v a l v e  p o s i t i o n s  a r e  as fo l lows  : 

Valve P o s i t i o n  

A Closed 

B Open 

C Closed 

- 9  -7 
For gage c a l i b r a t i o n s  i n  t h e  range  of 1 x 1 0  t o  2 x 10 t o r r ,  t h e  c a l i b r a -  

t i o n  gas f low r a t e  i s  a t t e n u a t e d  by p a s s i n g  i t  through t h e  flow rate d i v i s i o n  

chamber and i n t o  t h e  c a l i b r a t i o n  chamber. The v a l v e  p o s i t i o n s  a r e  as f o l l o w s :  

Valve P o s i t i o n  

A Open 

B Closed 

C Open 

The c a l i b r a t i o n  gas  f low r a t e  e n t e r i n g  t h e  c a l i b r a t i o n  system is  both  

genera ted  and measured by t h e  c o n s t a n t  p r e s s u r e  g a s  flowmeter ( f i g ,  30).  T i l l s  

flowmeter c o n t a i n s  a v a l v e  f o r  c o n t r o l l i n g  t h e  evacua t ion  r a t e  of t h e  

4 6 



flow~~eteu and another valve for controlling the calibration gas inlet rate to 

the flowmeter. These valves are necessary for the protection of the sensitive 

differential pressure meter diaphragm and are normally closed during flowmeter 

operation. A leak valve is used to control the gas flow rate into the vacuum 

system. A 0- to 800-torr manometer is utilized for measuring the calibration 

gas supply pressure in the flowmeter. The sensitive differential pressure 

meter is used to measure the differential pressure between the reference side 

and the variable volume side of the flowmeter and a bypass valve is provided 

to permit equalization of flowmeter pressure prior to a flow rate measurement 

and also to isolate the reference side from the variable volume side during a 

flow rate measurement. A flow rate measurement is performed by opening the 

leak valve until the approximate desired pressure is established in the cali- 

bration chamber as indicated by an ionization gage. After equilibrium condi- 

tions are established in the calibration chamber, the flowmeter bypass valve 

is closed. As gas is allowed to flow from side A, the pressure is reduced. 

The internal volume of side A is reduced by mechanically inserting a cylinder 

of known cross-sectional area into the flowmeter at a rate which produces a 

zero differential pressure across the diaphragm of the differential pressure 

meter. The ratio of volumetric cylinder change to time is proportional to the 

gas flow rate into the calibration chamber. 

This calibration system is bakeable to 525'~. The ultimate pressure 

attainable in the gage calibration chamber is approximately 3 x lo-'' torr. 

This ultimate pressure is on the order of 2 decades of pressure lower than the 

minimum calibration point of 1 x torr. This assures that the calibration 

gas comprises approximately 98 percent of the total gas pressure at 1 x 

torr, thus eliminating heterogene~us gas e f f e c t s  on t h e  o u t p u t  o f  t h e  

4.7 



i o n i z a t i o n  gage be ing  c a l i b r a t e d .  A d e t a i l e d  a n a l y s i s  of t h i s  sys tem h a s  been 

made by Kern ( r e f .  11) which g i v e s  c o n s i d e r a t i o n s  of o r i f i c e  s i z e s ,  pumping 

s p e e d s ,  gage e f f e c t s ,  and which c a l c u l a t e s  t h e  maximum u n c e r t a i n t y  i n  t h e  

knowledge of t h e  p r e s s u r e  i n  t h e  c a l i b r a t i o n  system a s  k5.5  p e r c e n t .  

- 3  
A second system,  w i t h  a range  of 10 t o  t o r r  i s  a l s o  a v a i l a b l e .  

Due t o  i t s  s i m i l a r i t y  t o  t h e  above system,  no d e t a i l s  w i l l  be  p r e s e n t e d .  

I n  t h e  a r e a  of a b s o l u t e  s t a n d a r d s ,  work has  been under taken  t o  p r o v i d e  

primary s t a n d a r d s  which f u n c t i o n  below t h e  range of t h e  McLeod gage,  which w e  

-5 
t a k e  as 1 x  10 t o r r .  Two s e p a r a t e  approaches have been t a k e n ;  one i s  a  vane 

t y p e  gage,  t h e  second is a  gas-metal system. 

The Vane gage i s  be ing  developed a s  an  a b s o l u t e  p r e s s u r e  s t a n d a r d  under  

a  co-opera t ive  program between LRC/NASA and t h e  N a t i o n a l  Bureau o f  S tandards .  

R e s o l u t i o n  of t h e  gage i s  loe1' t o r r ,  which g i v e s  a  10% e r r o r  a t  10-lo t o r r  

and 1% o r  less above los9 t o r r .  S i n c e  t h e  gage a c t u a l l y  measures f o r c e  p e r  

u n i t  a r e a  on a  movable vane i t  i s  a  t r u e  p r e s s u r e  s t a n d a r d .  A p p l i c a t i o n  of 

t h i s  p r i n c i p l e  i n  1935 by Hickman, et a l . ,  ( r e f .  12) r e s u l t e d  i n  a  gage w i t h  

r e p r o d u c i b i l i t y  of b e t t e r  t h a n  3 x t o r r .  One such ins t rument  w i t h  a  

q u a r t z  f i b e r  f u r n i s h i n g  t h e  r e s t o r i n g  f o r c e ,  showed h i g h  s e n s i t i v i t y  and 

encouraged f u r t h e r  s t u d y  of t h e  gage ( r e f .  1 3 ) .  

Methods of measuring t h e  f o r c e  on t h e  vane and t h e  p o s i t i o n  of t h e  vane 

a r e  now such t h a t  t h e  u l t i m a t e  l i m i t  of  such a  gage may be t h e  Brownian motion,  

a s  is  t h e  c a s e  w i t h  some s e n s i t i v e  galvanometers.  C a l c u l a t i o n s  i n d i c a t e  t h a t  

i f  t h i s  l i m i t  is a t t a i n e d  i n  a  vane gage,  t h e  gage could  b e  used i n t o  t h e  

10-2 1 t o r r  range.  Other l i m i t i n g  f a c t o r s ,  such a s  r a d i a t i o n  p r e s s u r e  due t o  

t empera tu re  d i f f e r e n c e s  and o p t i c a l  readout  u n c e r t a i n t i e s ,  appear  t o  be such 



t h a t ,  w i t h  p roper  c o n t r o l ,  t h e s e  u n c e r t a i n t i e s  can b e  reduced below t h e  

Brownian motion l i m i t .  

An advantage of a  gage o f  t h i s  t y p e  is t h a t  t h e  sys tem b e i n g  measured i s  

n o t  g r e a t l y  d i s t u r b e d  w i t h  h i g h  t empera tu res ,  nor  w i t h  s t r o n g  e l e c t r i c  and 

magnet ic  f i e l d s  as is  t h e  c a s e  i n  v a r i o u s  i o n i z a t i o n  gages .  Of even more 

importance i s  t h e  f a c t  t h a t  i f  t h e  c o r r e l a t i o n  between t h e  f o r c e  on t h e  vane 

and t h e  p r e s s u r e  a t  t h e  gage i n l e t  can b e  d e r i v e d ,  t h e  gage would become a n  

a b s o l u t e  measuring i n s t r u m e n t ,  i . e . ,  i t s  c a l i b r a t i o n  would b e  d i r e c t l y  i n  

t e r m s  of fundamental  q u a n t i t i e s .  Th i s  problem i s  be ing  s t u d i e d  by t h e  Monte 

C a r l o  method. P r e l i m i n a r y  r e s u l t s  show t h a t  such a c o r r e l a t i o n  can b e  

o b t a i n e d  ( r e f .  1 4 ) .  

The gage is e s s e n t i a l l y  a t o r s i o n a l  microbalance i n  which t h e  f o r c e  of 

molecu la r  bombardment on t h e  vanes  i s  counte rac ted  by a c a l i b r a t e d  n u l l i n g  

f o r c e .  Tubula t ions  d i r e c t  t h e  g a s  t o  t h e  p r e s s u r e  s i d e  of two vanes suspended 

a s  shown i n  f i g u r e  31,  and t h e  e n t i r e  assembly i s  con ta ined  i n  a n  evacuated 

chamber. For  s i m p l i c i t y ,  t h e  r e s t o r i n g  f o r c e  i s  shown as a t o r s i o n a l  f i b e r ;  

however, e l e c t r o s t a t i c  and e l e c t r o m a g n e t i c  r e s t o r i n g  f o r c e s  are be ing  con- 

s i d e r e d .  The photograph of t h e  NBS gage i n  i t s  p r e s e n t  form shows some of t h e  

v e r s a t i l i t y  i n c o r p o r a t e d  i n t o  t h e  frame work ( f i g .  32) .  The p o r t  p o s i t i o n s  

are a d j u s t a b l e  and t h e  t y p e  of suspens ion  i s  n o t  r e s t r i c t e d .  Also,  a ba lanced  

symmetric arrangement makes i t  p o s s i b l e  t o  have a  r e f e r e n c e  p r e s s u r e  on one 

s i d e  o f  t h e  vanes which is  d i f f e r e n t  from t h e  guard p r e s s u r e  which sur rounds  

t h e  gage. 

I n  a  t o r s i o n a l  b a l a n c e  with one ( r o t a t i o n a l )  degree  o f  freedom, t h e  mean 
- kT - 

s q u a r e  displacement  f o r  t h e  sys tem i n  thermal  e q u i l i b r i u m  i s :  e 2  = S ,  i n  

which T (E 300 K) i s  the temperature ,  S is  t h e  t o r s i o n a l  corzstarrt s f  tire 



suspension,  and k i s  Boltzann 's  cons tan t  (: 1 , 4  x 10-l6 erg/K).  S e n s i t i v e  

galvanometers a r e  now commercially a v a i l a b l e  wi th  a t o r s i o n a l  cons tan t  of 

about 0 . 1  dyne cmlradian,  so  t h a t  a reasonable  e s t i m a t e  of t h e  RMS d i sp l ace -  

ment due t o  thermal  a g i t a t i o n  seems t o  be: 

'RMs 2 6.5 x r ad i ans .  

The p re s su re ,  p, corresponding t o  a displacement ,  0 ,  on t h e  two vanes of 

a r e a  A s epa ra t ed  by a d i s t a n c e  d ,  i s  given by 

Design va lues  of A = 1 . 3  cm2 and d = 7.6  cm g ive  as  t h e  Brownian motion 

l i m i t  i n  terms of RMS p re s su re ,  

PRMs Z 7 x 10 
-9 dyne , 

2 - 5 x 1 . 0 ~ ~ ~  t o r r  
cm 

The p r o b a b i l i t y  of a d e f l e c t i o n  g r e a t e r  than OREIS i s  about 30%; g r e a t e r  than 

2 x B R M S  a b o u t 5 % ;  and g r e a t e r t h a n 3 x e  i s  a b o u t 0 . 1 % .  T h e r e f o r e , w i t h  
RMS 

s h o r t  observa t ion  t imes ,  a d e f l e c t i o n  of 2 x OMS should be  d e t e c t a b l e  s o  t h a t  

w e  may say  t h e  Brownian motion l i m i t  i s  l e s s  than 2 x rad ians  which 

corresponds t o  about 1 x 10-l1 t o r r .  

I f  t h e  temperature  of t h e  wa l l s  fac ing  oppos i te  s i d e s  of a vane a r e  n o t  

equa l ,  a p r e s su re  d i f f e r e n c e  due t o  r a d i a n t  energy w i l l  r e s u l t  amounting t o :  

i n  which TI and T2 a r e  t h e  two temperatures ,  u is t h e  Stefan-Boltzmann con- 

stanr.  (5.67 x 10-~  erg/crn2 sec K ~ ) ,  and c i s  t h e  speed of l i g h t  ( 3  x 10" 2%). sec 
T ,- 
LS T2 is greater  than T I by a smal l  amount 6, then w e  have: 



Ap .E 1 x 10-l4 6 ~ ~ ,  

s o  t h a t ,  f o r  a  temperature  d i f f e r e n c e  of 1 K  a t  300K, 

-7 d  ne  
AP 2 3 x 10 .$ 2 x t o r r .  

It  i s  t h e r e f o r e  apparent  t h a t  p r e s su re  unce r t a in ty  from t h i s  source  can 

be  e a s i l y  reduced below t h e  thermal a g i t a t i o n  l i m i t  by temperature c o n t r o l  of 

about 0.05 K which is n o t  d i f f i c u l t  t o  achieve.  

Op t i ca l  s ens ing  of angular  p o s i t i o n  i n  some commercially a v a i l a b l e  

s e n s i t i v e  galvanometers i s  b e t t e r  than 1 x r ad i ans  which i s  below t h e  

est imated Brownian motion l i m i t  of t h e  gage. 

Pre l iminary  s t u d i e s  of capac i tance  methods of damping out o s c i l l a t i o n s  

and of fu rn i sh ing  t h e  necessary r e s t o r i n g  f o r c e s  have ind i ca t ed  t h a t  c o n t r o l  

i s  a t t a i n a b l e  w i th  reasonable  vo l tages  and c i r c u i t r y .  

For example, c a l c u l a t i o n s  f o r  a  con f igu ra t i on  s i m i l a r  t o  t h e  quadrant 

e lec t rometer  and w i t h  phys i ca l  dimensions compatible with t h e  p re sen t  frame- 

work, show t h a t  t h e  p re s su re  range up t o  t o r r  would r e q u i r e  an emf of 

about 1 v o l t  a c ros s  t h e  capac i to r  p l a t e s ;  wi th  100 v o l t s ,  t h e  gage could be  

operated i n t o  t h e  lo-' t o r r  range. 

The t h e o r e t i c a l  l i m i t s  d iscussed he re  l ead  t o  an unce r t a in ty  f a r  below 

any a v a i l a b l e  abso lu t e  gage. There a r e  p r a c t i c a l  problems which must a l s o  be  

overcome such a s  mechanical i s o l a t i o n  from v i b r a t i o n s ,  e t c .  

The second approach t o  a  primary s tandard  i s  t h e  metal-gas system. I n  

t h i s  case  an i n v e s t i g a t i o n  had been made of t h e  erbium-hydrogen b inary  system 

f o r  use a s  a  source  of hydrogen gas a t  a known pressure .  



This  t e c h n i q u e  i s  a  new and unique approach t o  s e t t i n g  up p a r t i a l -  

p r e s s u r e  s t a n d a r d s  by which c a l i b r a t i o n s  of i o n i z a t i o n  gages can b e  conducted 

i n  a much s i m p l e r  and more r e l i a b l e  manner. 

The s e l e c t i o n  of hydrogen a s  t h e  gas  t o  produce a  s t a n d a r d  is a p p r o p r i a t e  

because  i t  i s  probably  t h e  most d i f f i c u l t  o f  a l l  t h e  gases  w i t h  which t o  

o b t a i n  a c c u r a t e  reduced-pressure  measurements. I f  t h i s  gas  can b e  p r e s s u r e  

s t a n d a r d i z e d ,  t h e  o t h e r  a c t i v e  gases  such a s  oxygen and n i t r o g e n  w i l l  b e  much 

s i m p l e r  t o  develop a t  a l a t e r  d a t e .  P a r t i c u l a r l y  w i t h  t h e  i o n i z a t i o n  gage,  

measurements of hydrogen reduced p r e s s u r e s  a r e  b e s e t  w i t h  many problems. 

Foremost of t h e  problems i s  r e a c t i o n  of hydrogen w i t h  t h e  h o t  t u n g s t e n  f i l a -  

ment t o  produce a tomic hydrogen. Th is  d i s s o c i a t i o n  i s  a c c e l e r a t e d  a s  t h e  

t empera tu re  i n c r e a s e s .  The r e a c t i o n  i s  f u r t h e r  a f f e c t e d  by t h e  c o n d i t i o n  of 

t h e  s u r f a c e  of t h e  t u n g s t e n .  I f  o t h e r  gases  a r e  absorbed,  t h e  r e a c t i o n  r a t e  

i s  modi f ied ,  accord ing ly .  Various a u x i l i a r y  r e a c t i o n s  can occur .  Thus, i t  i s  

i m p o s s i b l e  t o  o b t a i n  r e p r o d u c i b l e  r e s u l t s  because  t h e  temperature  and s u r f a c e  

c o n d i t i o n  of t h e  t u n g s t e n  f i l a m e n t  a r e  n o t  s u b j e c t  t o  c o n t r o l .  The t echn ique  

r e l i e s  on t h e  thermodynamic p r o p e r t i e s  of metal-gas systems a s  a  b a s i s  f o r  i t s  

s u c c e s s ,  The thermodynamic p r o p e r t i e s  of t h e s e  systems a r e  f i x e d  and immuta- 

b l e  under c e r t a i n  c o n t r o l l a b l e  c o n d i t i o n s .  The p r o p e r t y  of i n t e r e s t  i s  t h e  

reduced p r e s s u r e  o f  t h e  gas  over  t h e  s o l i d ,  which v a r i e s  a s  a  f u n c t i o n  of 

t empera tu re  and composit ion.  The manner i n  which i t  v a r i e s  can be  determined 

e x p e r i m e n t a l l y  and f i t  t o  an  a n a l y t i c a l  r e l a t i o n s h i p .  Thus, by u s i n g  a 

primary s t a n d a r d  t o  measure t h e  p r e s s u r e  a s  a f u n c t i o n  of t empera tu re  and 

composi t ion,  t h e  sys tem i t s e l f  becomes a  s t a n d a r d ,  One simply has  t o  e s t a b l i s h  

t h e  t empera tu re  and t h e  composi t ion,  and t h e  red11ce.d p r e s s u r e  is  e x a c t l y  

reproduced.  T h i s  i n  t u r n  can be used  as a secondary  s t a n d a r d  to ca l ib ra te  



o t h e r  gages .  The advantage i s  t h a t  t h e  thermodynamic p r o p e r t i e s  w i l l  n o t  

change w i t h  t ime o r  a r e  t h e y  a f f e c t e d  by o t h e r  i n f l u e n c e s  t h a t  u s u a l l y  a f f e c t  

o t h e r  p r e s s u r e  s t a n d a r d s .  By s e l e c t i n g  a metal-gas sys tem w i t h  a two-phase 

f i e l d ,  t h e  sys tem becomes an  even s i m p l e r  and more r e l i a b l e  s t a n d a r d .  Gibbs 

Phase Rule s t a t e s  t h a t  i n  such  a b i n a r y  metal-gas sys tem,  t h e  appearance o f  

two phases  r a t h e r  t h a n  one c a u s e s  a l o s s  of one d e g r e e  of freedom. Such is  

a c t u a l l y  t h e  c a s e  wherein  t h e  degree  o f  freedom which i s  l o s t  is  p r e s s u r e .  

Thus,  a t  a c e r t a i n  f i x e d  t e m p e r a t u r e ,  t h e  p r e s s u r e  remains c o n s t a n t  no m a t t e r  

what t h e  composi t ion i s ,  a s  long  a s  t h e  s o l i d  sys tem remains i n  t h e  two-phase 

f i e l d .  

A s p e c i f i c  working example of a reduced-pressure  s t a n d a r d  was demonstra- 

t e d  i n  t h e  d e t e r m i n a t i o n  of t h e  thermodynamics o f  t h e  erbium-hydrogen system,  

which e s t a b l i s h e d  t h a t  t h e  erbium-hydrogen system had p o t e n t i a l  as a secondary 

p a r t i a l - p r e s s u r e  s t a n d a r d .  It remained t o  r e f i n e  t h e  thermodynamic c h a r a c t e r -  

i s t i c s  i n  t h e  two-phase r e g i o n .  The pressure- temperature-composi t ion 

r e l a t i o n s h i p s  i n  t h e  erbium-hydrogen system were determined exper imenta l ly  

w i t h  a S i e v e r t ' s  appara tus .  The procedure  employed t o  o b t a i n  t h e  p r e s s u r e -  

temperature-composit ion r e l a t i o n s h i p s  was t o  develop exper imenta l ly  a family  

o f  i s o t h e r m a l  curves  of composi t ion v e r s u s  p r e s s u r e .  F i g u r e  33 shows t h e  

family  of i so therms  f o r  t h e  Er-H system. The s o l u b i l i t y  r e l a t i o n s h i p s  can b e  

deduced from t h e s e  i so therms .  A s  t h e  f i r s t  amounts of hydrogen a r e  added t o  

erbium m e t a l ,  t h e  p r e s s u r e  i n c r e a s e s .  A t  s a t u r a t i o n  of t h e  m e t a l  s o l i d  

s o l u t i o n ,  t h e  p r e s s u r e  reaches  a p l a t e a u .  A d d i t i o n a l  hydrogen i n i t i a t e s  t h e  

fo rmat ion  of t h e  d i h y d r i d e  phase  a s  t h e  p r e s s u r e  remains c o n s t a n t  i n  t h i s  two- 

phase r e g i o n .  A s  can be  observed ,  t h i s  p l a t e a u  r e g i o n  i s  q u i t e  e x t e n s i v e ,  

In accordance w i t h  t he  Phase Rule ,  t h e  appearance of a n o t h e r  phase s i g n i f i e s  



t h e  l o s s  of one degree  of freedom, namely t h a t  p r e s s u r e  i s  c o n s t a n t .  The 

p r e s s u r e  a g a i n  r i s e s  from t h e  p l a t e a u  a t  t h e  boundary of t h e  s ing le -phase  

d i h y d r i d e  r e g i o n .  For t h e  purposes  of t h i s  r e s e a r c h  s t u d y ,  t h e  p l a t e a u  

r e g i o n  is  t h e  c e n t e r  of i n t e r e s t .  

The p l a t e a u  e q u i l i b r i u m  reduced p r e s s u r e s  were p l o t t e d  a s  l o g  v e r s u s  10P 

t h e  r e c i p r o c a l  of t h e  a b s o l u t e  temperature .  A s t r a i g h t - l i n e  r e l a t i o n s h i p  

r e s u l t e d  and was q u a n t i t a t i v e l y  determined by computer l e a s t - s q u a r e  a n a l y s i s .  

The fo l lowing  e q u i l i b r i u m - d i s s o c i a t i o n - p r e s s u r e  e q u a t i o n  which was o b t a i n e d  i s :  

11,500 k70 
Log (Tor r )  = - 

10 T 
+ 10.57 50.07 

where: p = e q u i l i b r i u m  hydrogen p r e s s u r e ,  Tor r  

0 
T = t empera tu re ,  K 

The above work, which was r e p o r t e d  by Lundin ( r e f .  15)  reached t h e  f o l l o w i n g  

conc lus ions :  

1. Once t h e  d i s s o c i a t i o n  p r e s s u r e  e q u a t i o n  is  e s t a b l i s h e d  and s t a n d a r d -  

i z e d ,  one c a n . c a l c u l a t e  t h e  corresponding temperature  s e t t i n g  f o r  

any d e s i r e d  p r e s s u r e .  Then, by a d j u s t i n g  t h e  temperature  t o  t h e  

a p p r o p r i a t e  v a l u e ,  t h e  p r e s s u r e  can q u i c k l y  b e  a t t a i n e d .  

2 .  There i s  no h y s t e r e s i s  i n  t h e  hydrogen p r e s s u r e .  The system can b e  

cyc led  any number of t i m e s ,  and t h e  p r e s s u r e  w i l l  r e t u r n  t o  t h e  

v a l u e  as p r e s c r i b e d  by t h a t  s p e c i f i c  t empera tu re .  

3 .  I n  t empera tu re  range s t u d i e d ,  p r e s s u r e  e q u i l i b r i u m  i s  very  r a p i d .  

4. The e q u i l i b r i u m  p r e s s u r e  f o r  each r e s p e c t i v e  t empera tu re  is  indepen- 

den t  and u n a f f e c t e d  by t h e  volume o r  geometry o f  t h e  system. There 

is  an  e x c e p t i o n  t o  t h i s  when t h e  composi t ion i s  s h i f t e d  o f f  t h e  
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p l a t e a u  by having a very smal l  hydr ide  specimen and a very l a r g e  

sys  tern. 

The p a r t i a l - p r e s s u r e  p l a t eau  i n  t h e  two-phase r eg ion  i s  very exten- 

s i v e ,  and s h i f t s  i n  o v e r a l l  hydrogen composition do n o t  a f f e c t  t h e  

p re s su re  a t  any s p e c i f i c  temperature .  

Contamination from outgassing o r  in leakage  does n o t  s e r i o u s l y  a f f e c t  

t h e  e q u i l i b r i a  e s t ab l i shed  according t o  t h e  d i s s o c i a t i o n  equa t ion .  

A metal-gas system such a s  t h e  erbium-hydrogen system w i l l  e s t a b l i s h  

a c c u r a t e  reduced pressures  which bracke t  t h e  manometer, t h e  McLeod 

gage, and t h e  i o n i z a t i o n  gage i n  a continuous manner. 

There is  no reason  t o  b e l i e v e  t h a t  a s tandard ized  d i s s o c i a t i o n  

equa t ion  f o r  such a system prepared i n  t h e  h igher  p re s su re  range 

where good primary s tandards  e x i s t  could no t  be ex t r apo la t ed  t o  

lower p re s su re s  wi th  a high degree of confidence i n  accuracy.  The 

fo l lowing  t a b l e  g ives  approximate va lues  f o r  some of t h e  c a l c u l a t e d  

hydrogen reduced pressures  i n  t h e  high- and ultrahigh-vacuum reg ion .  

Ext rapola ted  Hydrogen Reduced Pressures  

0 Temperature, C 

450 

350 

300 

250 

200 

P re s su re ,  t o r r  

4..65 x 

1.17 x 

2.70 x 10-lo 

3.70 x 10-l2 

9.30 x 10-l5 

One d i s t i n c t  advantage of t h i s  technique i s  t h a t  an i n  s i t u  c a l i -  

b r a t i o n  can eas i ly  be devised f o r  any u l t r a h i g h  vacuum a p p a r a t u s ,  



where an immediate c a l i b r a t i o n  of t h e  measuring appara tus  can be 

a v a i l a b l e  . 
LO. The system i s  inexpensive t o  b u i l d  and r e l a t i v e l y  s imple i n  des ign  

and use .  The temperature range can be  e a s i l y  a t t a i n e d  and measured 

wi th  commercially a v a i l a b l e  thermocouples. 

11. The erbium can be  hydrided t o  t h e  app rop r i a t e  composition, removed 

t o  a i r ,  and t r anspo r t ed  t o  another  system without  a f f e c t i n g  i t s  

d i s s o c i a t i o n  r e l a t i o n s h i p s .  

12. Other metal-hydrogen systems e x i s t  which g ive  somewhat d i f f e r e n t  

e q u i l i b r i a .  This  would g ive  a  l o t  of f l e x i b i l i t y  i n  s e l e c t i n g  t h e  

app rop r i a t e  temperature and p a r t i a l  p ressures  f o r  t he  s p e c i f i c  

a p p l i c a t i o n .  

13. The range of temperatures over which t h e  wide spread of pressures  

e x i s t  a r e  e a s i l y  measured. A chrohel-alumel thermocouple can be  

employed which has  a very high EMF pe r  u n i t  temperature i nc reases .  

Also, s t anda rd  ma te r i a l s  of cons t ruc t ion  f o r  t h e  furnace chamber 

can be  employed because t h e  h i g h e s t  temperatures requi red  a r e  no t  

a t  a l l  severe .  

14. The s imula t ion  of any hydrogen reduced p re s su re  atmosphere i s  

f e a s i b l e  i n  any type  of chamber o r  system by simply p lac ing  a  smal l  

hea t ing  source  and a  prehydrided specimen i n  t h e  chamber wi th  a  

means f o r  measuring t h e  temperature of t h e  hydride.  

The success  of t h e  e a r l y  work has  encouraged an in-house program t o  

compliment f u r t h e r  work by Lundin. The in-house program i s  aimed a t  providing 

i n - s i t u  c a l i b r a t i o n s  i n  t h e  UfIV reg ion .  The experimental  apparatus  is  shown 

i n  f i g u r e  34 mounted on one of t h e  turbomolecular-ti tanium subl imat ion 
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systems. The a p p a r a t u s  i s  shown s c h e m a t i c a l l y  i s  f i g u r e  35, P r e s e n t  work is 

b e i n g  c a r r i e d  on i n  t h e  10-lo - 10- l2  t o r r  range.  There i s ,  however, 

i n s u f f i c i e n t  d a t a  t o  p r e s e n t  r e s u l t s  a t  t h i s  t i m e .  



CONCLUSION 

I n  conclusion,  t h i s  paper has  attempted t o  present  an  o v e r a l l  p i c t u r e  of 

the  work being done and supported by the  Langley Research Center of NASA t o  

improve t h e  measurement c a p a b i l i t i e s  i n  simulated space environments. It has 

no t  been poss ib l e  t o  present  a l l  of t he  work, no tab le  except ions being thermal 

t r a n s p i r a t i o n  s t u d i e s  and gas-surface i n t e r a c t i o n  experiments.  However, i t  is 

hoped t h a t  s u f f i c i e n t  information has been presented t o  f i rmly  e s t a b l i s h  t h e  

i n t e r e s t  i n  and support  of space s imula t ion  measurements by t h e  Langley 

Research Center. 



Smith, A. and Melfi, L. T., Jr.: Construction and Evaluation of a Nude 
Fast-Response Cold-Cathode Ionization Gage, NASA TN D-3266 National 
Aeronautics and Space Administration, Washington, D. C. February 1966. 

Clay, F. P. and Melfi, L. T., Jr.: J. Vac. Sci. Technology 3, 167 
(1966). 

Melfi, L. T.: J. Vac. Sci. Technology, 6, 322 (1969). 

Outlaw, R. A.: J. Vac. Sci. Technology, 3, 352 (1966). 

Helmer, J. C. and Hayward, W. H.: Review Sci. Instruments, 37, 1652 
(1966). 

Brock, F. J.: Research and Development Program on Orbitron Ultra-High 
Vacuum Gages. Final report on contract NAS1-5347-7, NASA CR-1479, 
November 1969. 

Schwarz, H. A.: Quadrupole Ionization Gage, Fourth International Vacuum 
Congress, Manchester, England, April 1968. 

Torney, F. L., et. al.,: A Cold-Cathode. Ion Source Mass Spectrometer 
Employing Ion Counting Techniques, fina1,report on contract 
NAS1-5347-8, NASA CR-1475, October 1969. 

Feakes, F.; Muly, E. C.; Brock, F. J.: Extension of Gage Calibration 
Studies in Extreme High Vacuum, NASA CR-904, October 1967, pp 118-129. 

Smith, A.: Analysis of a Molecular Beam Known Pressure Source, 
NASA TN D-5308, July 1969. 

Kern, F. A.: NASA-LRC internal memorandum. 

Hickman, K. C. P., et. al.: Ind. and Engr. Chem. Anal. Ed. 264 (1937). 

Ruthberg, S.: National Bureau of Standards, private communication. 

Thomas, A. M.: J. Vac. Sci. Technology, 5, 187 (1968). 

Lundin, C. E.: The Use of Thermodynamic Properties of Metal Gas Systems 
as Reduced Pressure Standards, NASA CR-1271. January 1969. 



M
ic

ro
-a

ic
r 

te
r 

F
ig

u
re

 
1,
-C
ol
d-
ca
th
od
e 

ga
ge

 
sc

he
ma

ti
c.

 





Figure 3.-Schematic drawing of test apparatus,  
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T i m ,  microseconds 

Figure 5,-Pinab configuration response-time curve,  



Figure 6,-Rude configuration of the  bur jed  cu%$ectar  (Melfi) gage, 



$I FILAMENT 

Figure 7.-Buried collector gage dimensional drawing. No scale. 
Dimensions in millimeters. 
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BURIED COLLECTOR GAGE 

16" I' = 4 m A  

BENT BEAM GAGE 

vet=-45 v 
vdc=-200v 

vsc=- I00 v 

I- = 7.3mA 

ION CURRENT BENT BEAM GAGE 
(AMPERES) 

Figure 9.-X-ray background curve for the buried collector gage w i t h  the 
bent beam Bebnier gsge as  the reference, 
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Figure 12.-Schematic drawing of cold-cathode ion source with iens. 
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' 2  amperes -I--/------ - - 
1 s c a l e s )  

R e s o l ,  = 4.385 
P r e s s .  = Approx. 5 x 1 0 ' ~ ~  T o r r  

= Background 
= 1400 V I 

i 
= 1500 V i 

= 865 g a u s s  

I 

Atomic mass units 

Figure 14,-CCIS/Quad D@ signal and noise  vs, retarding potential w i t h  
tubular cathode stub. 
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TIME, HOURS 

Figure 17.-Typical pump down curve f o r  e turbomolecular-titanium 
subPima%Psn gmping system, 
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Figure 2l , -wpicaI  pump d w n  curve for  t h e  XlW vacuum system* 
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Figure 33,-Family o f  isotherms i n  t h e  Erbium-Rydrsgen systems, 
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